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Abstract

Objectives. To study the patterns of behavior of morpholine and its trimethylsilyl derivative in
reactions with trimethylsilyl isocyanate.

Methods. The study employed infrared and nuclear magnetic resonance spectroscopy, as well
as elemental analysis.

Results. The formation of mixtures of tautomeric forms of silicon-containing urea—N-(trimethyl-
silyl)morpholine-4-carboxamide and trimethylsilylmorpholine-4-carboximidoate—was established.
Conclusions. It is shown that the composition and structure of the resulting products are
determined both by the presence of a morpholine substituent at the nitrogen atom and by the type
of isocyanate used. Unlike the trimethylsilyl derivative of morpholine, morpholine itself reacts
with trimethylsilyl isocyanate to form a mixture of tautomeric forms.

Keywords: morpholine, trimethylsilyl isocyanate, silicon-containing ureas, tautomerism, amide-
isoamide tautomerism, N-(trimethylsilyl)morpholine-4-carboxamide, trimethylsilylmorpholine-
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Behavior of morpholine and its trimethylsilyl derivative in reactions with trimethylsilyl isocyanate

HAYYHASA CTATbA

IloBenenne Mop(oJiHA U €r0 TPUMETHJICHIUITIPOU3BOTHOTO
B peakIusX ¢ TPUMETHICHIHIU30HMAHATOM

A.O. BeaoBal, H.A. Toay6!, M.B. IIaeTuera'’', H.H. Kupuauuna?, A.[l. Kupuausu?

IMHPSA — Poccutickuii mexHonozuueckuil yHugepcumem (HHcmumym moHKUX XUMUMECKUX MEeXHOI02ULL
um. M. B. Aomorocosa), Mockea, 119571 Poccust

?['ocyoapcmeeHHslil  HAYUHO-UCCIe008aAMeNbCKULL  UHCMUMym XuMuu U MexXHOJA02UU
anemeHmoopaarHuueckux coeoureHuil (THUHUXTS0C), Mockea, 105118 Poccus

“Aemop ons nepenucku, e-mail: pletneva@mirea.ru

AHHOMAyus

IMenu. H3yuumos 3aKOHOMEPHOCMU NOBEOeHUSL MOPPOAUHA U €20 MPUMEMULCUNUANDOUZBOOHO20
8 peaKyusix ¢ mpumMemuaCUNULUSOYUAHAMOM.

Memooeul. B uccnedogaHuu UCnoib308ANUCHL MEMOO0bl UHGPAKPACHOT CNEKMPOCKONUU, CReKmpo-
cKonuu s10epH020 MAZHUMHO020 PE30HAHCA U S/IeMEeHMH020 AHANAUSA.

Pe3synemamel. YcmaHoeneHO ob6pa3o8aHuUe cmecu maymomepHblx ¢hopm KpemHuiicooeprkauiett
MmoueguHbl:  N-mpumemuncunun)mopgonun-4-kapbokcamuoa U  MPUMEMUACUIUNMOPPOSUH-
4-kapborxcumudoama.

Bbleoosl. YcmaHo8/1eHo, Wmo cocmag U cmpoeHue obpasyrouuxcs npooyKkmosg onpedensemcst
KaK Haiuduem 3amecmumentss npu amome asoma MopgoAuHA, MAK U MUNOM UCNOb3YeM0o20
usoyuaHama. IlokasaHo, umo, 8 omauuue om mpumemuiCuUNUILHO20 NPOUSBOOHO20 MOPPONUHA,
cam mopgoauH gzaumodelicmseyem ¢ MPUMEMUACUNUNUIOYUUAHAMOM C 0bpazosaHuem cmecu
maymomepHbLX PopM.

Knrueevte cnoea: MmoOpgoauH, mpUuMemuiCuNUAU3oOYUaAHaAm, KpemHulicooeprkauiue
MOUEBUHbL, Maymomepust, amuo-u3oamuoHass maymomepust, N-(Mpumemuncunul)MopgosuH-
4-kapborkcamud, mpumemuaCuUnAUAMOPGONUH-4-Kapborcumudoam

Jlnsa yumuposanus: benopa J1.0., Tonyo H.A., IlnerneBa M.B., Kupununa H.U., Kupununa A.J]. [Tosenenne mopdosiaa

U ero TPUMETHWICHIMIIPOU3BOJHOIO B pPEAaKIUAX C TPUMETWICHIMWIN30LUAHATOM. JOHKUE XUMUYeCKue MexXHON0SUU.
2022;17(5):377-383. https://doi.org/10.32362/2410-6593-2022-17-5-377-383

INTRODUCTION derivatives have become widely applied as

solvents. They are also used for the synthesis

chemical study of organosilicon of enamines, which are synthons for the
derivatives of morpholine began during the selective alkylation and acylation of carbonyl
second half of the last century. The increase of compounds [8]. It has been shown [7, 9, 10]
research interest in this field of chemistry is due that 4-(trimethylsilyl)morpholine, like silyl amines,
to the valuable properties of such compounds interacts with organic isocyanates: the nature
both from a practical and a theoretical point of of the initial isocyanate determines the
view [1-8]. For example, due to their polarity possibility of obtaining organosilicon ureas or
and high selectivity, organosilicon morpholine organic ureas. Thus, as a result of the reaction
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with n-butyl isocyanate, a stable urea containing
a trimethylsilyl group was obtained [7]. Conversely,
silicon-containing ureas were also initially
obtained when using a-alkoxyalkyl isocyanates in
this reaction; these can be easily hydrolyzed in
air to form stable organic ureas [9]. However,
all these studies were limited to investigated
organic isocyanates or their analogs comprising
carbofunctional organosilicon isocyanates [10]
(Scheme 1).

It was also found that 4-phenyl-N-
(trimethylsilyl)-4-morpholinecarboxamide 2 is
a compound hydrolyzed by air moisture to form
organic urea 2’ over time (Scheme 2).

Despite the availability of hydrolytically stable
N-[3-(trimethylsilyl)propyl]-N-(trimethylsilyl)-

o}
[j + PAIN—=C—0 —> o
N —
|

SiM63
1
(0]
[ + (MeO)3SiCH2CH2CH2N:C:O — > 0
N
|
SiMes

4-morpholinecarboxamide 3 [11], the absence of
any publications on the possibility of obtaining
silicon-containing ureas using the functional silyl
isocyanate trimethylsilyl isocyanatosilane has not
yet been the topic of a detailed study. Thus, the
continuation of research in this area of chemistry is
an urgent task.

In addition, it should be noted that when
using trimethylsilyl isocyanate in the reaction with
4-(trimethylsilyl)morpholine [10], the nature of the
process does not change at the first stage: instead
unstable  (trimethylsilyl)jurea 4  is  formed.
Subsequently, however, it can be easily induced
to give up the trimethylsilyl group to transform
into  trimethylsilylmorpholine-4-carboximidoate 6
(Scheme 3).

@)

ST\ Il Pn

NCN
\SiMe;

0]
I
NC NCHQCHQCHQSi(OMe)3

SiMe3

3

Scheme 1. Reactions of 4-(trimethylsilyl)morpholine with isocyanates.

SiMe3

o)
I

N C—NHPh

21

Scheme 2. Scheme of 4-phenyl-N-(trimethylsilyl)-4-morpholinecarboxamide 2 conversion to organic urea 2’.

)
/ \ ‘ ‘ / SiM63
N

o}
+ MesSIN—C—=O —— (0] NC ——
\ / \SiMe;
N
| 4
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1
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Scheme 3. Reaction of 4-(trimethylsilyl)morpholine with trimethylsilyl isocyanate.
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EXPERIMENTAL

The infrared (IR) spectrum was recorded
on a Nicolet 7600 spectrometer (Thermo Fisher
Scientific, USA) in vaseline oil. The 'H nuclear
magnetic resonance (NMR) spectrum was recorded
on a DRX400 instrument (Bruker, Germany) with
an operating frequency of 400.13 MHz in CDCI,.
Chemical shifts are given in & (ppm) scale relative
to tetramethylsilane as an internal standard. The
¥Si NMR  spectrum was recorded on an
AVANCE AV-300 instrument (Bruker, Germany)
with an  operating  frequency for  silicon
of 59.64 MHz. Elemental analysis was carried
out on a FLASH EA 1112 instrument (Thermo
Finnigan Italia S.p.A., Italy). The melting point
(m.p.) of the obtained compound was determined

on a BUCHI Melting PointB-540 elemental
analyzer (BUCHI, Switzerland).
All starting compounds were thoroughly

dried before use and purified by distillation.
Synthesis operations, isolation and sampling for
the compounds analysis were carried out under
an atmosphere of dry nitrogen.

Trimethylsilylmorpholine-4-carbox-
imidoate (6) and N-(trimethylsilyl)-
morpholine-4-carboxamide (6)

Trimethylsilyl isocyanate (6.57 g, 0.057 mol)
was added to morpholine (7) (4.96 g, 0.057 mol).
The reaction mass was kept for 25 min, then evacuated
at a pressure of 1 mmHg for 1 h to yield 10.37 g
(90%) of compounds (6 and 6"), m.p. = 92.5-93.5°C.
IR spectrum, ¥, em™': 3365 (NH), 1666 (C=0),
1609 (C=N). 'H NMR spectrum, ppm: 0.03 s (9H,
SiMe,), 0.21 s (9H, Si(CH,),), 2.84 t (4H, CH,NCH,),
3.34 q (4H, CH)NCH,), 3.65 t (8H, CH,OCH,).
»Si NMR spectrum, ppm: 5.96 s, 7.34 s. Elemental
analysis, found, %: C 47.65; H 8.85; N 13.91.
C.H ,O,N_Si; calculated, %: C 47.49; H 8.97; N 13.85.

18727 2

+ MesSIN—=C—=0 —> O

NTIT—2Z

RESULTS AND DISCUSSION

It was found that morpholine 7, along with
its trimethylsilyl derivative 1, reacts with
trimethylsilyl isocyanate without heating.
However, the reaction product is a mixture of
tautomeric forms of silicon-containing urea:
trimethylsilylmorpholine-4-carboximidoate 6
(O-form) and N-(trimethylsilyl)morpholine-
4-carboxamide 6" (N-form) (Scheme 4).

The existence of such isomerism is evidenced
by the results of physicochemical studies.
In the IR spectrum of compounds 6 and 6'
(Fig. 1), the intense absorption band recorded i
n the region of 3365 cm! corresponds to
vibrations of the NH group bond. An intense
absorption band in the region of 1666 cm!
corresponds to vibrations of the C=0O group bond.
An intense absorptionband in the region of
1609 cm™ corresponds to vibrations of the
C=N group bond.

In the 'H NMR spectrum (Fig. 2), two signals
of the Me,SSi group protons were recorded
in the region of 0.03 ppm. and 0.21 ppm.
These are characteristic of the protons of
the trimethylsilyl group at the nitrogen atom
and those of the trimethylsilyl group at the
oxygen atom, respectively. The signals of the
protons of the CHN and CH,O groups of the
morpholine fragment were also recorded in their
characteristic regions; here, a doubling of the
proton signals of the methylene groups at the
nitrogen atom in the region of 2.84 ppm and
3.34 ppm is observed.

The #Si NMR spectrum (Fig. 3) also contains
two silicon signals in the region of 5.96 ppm
and 7.34 ppm corresponding to the NSiMe, and
OSiMe, groups.

Thus, the difference between the interaction
of trimethylsilyl isocyanate with 4-(trimethylsilyl)
morpholine from its reaction with morpholine

OSiMe; o)
| I

NC—NH +O N C NHSiMe;
6 6’

Scheme 4. Reaction of morpholine with trimethylsilyl isocyanate.
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Fig. 1. IR spectrum of trimethylsilylmorpholine-4-carboxyimidoate 6 and N-(trimethylsilyl)morpholine-4-carboxamide 6’.
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Fig. 2. '"H NMR spectrum of trimethylsilylmorpholine-4-carboxyimidoate 6
and N-(trimethylsilyl)morpholine-4-carboxamide 6'.
is the formation in the second case of be typical of the latter compound. The existence

N-(trimethylsilyl)morpholine-4-carboxamide, i.e.,
trimethylsilylurea. The formation of a mixture
of tautomeric forms (Scheme 5) is known to

of such amide-isoamide tautomerism involving
the Me,Si group in silicon-containing ureas
was previously assumed by J.F. Klebe et al. [12].
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Fig. 3. #Si NMR spectrum of trimethylsilylmorpholine-4-carboxyimidoate 6 and N-(trimethylsilyl)morpholine-4-carboxamide 6'.
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Scheme 5. Amide-isoamide tautomerism involving the Me Si group for silicon-containing ureas.

CONCLUSIONS

The study of morpholine derivatives in
reactions with isocyanates establishes that the
composition and structure of the resulting products
are determined both by the presence of a substituent
at the nitrogen atom of morpholine and by the
type of isocyanate used. It is shown that, unlike the
trimethylsilyl derivative of morpholine, morpholine
itself reacts with trimethylsilyl isocyanate to form
a mixture of tautomeric forms.

REFERENCES

1. Rakhlin VI., Tsyrendorzhieva I.P., Sysoev S.V,
Rumyantsev Yu.M., Maslova O.V., Kosinova M.L. 4-(Trimethylsilyl)-
morpholine: synthesis, characterization, and prospects
of use in film deposition processes. Russ. Chem. Bull.
2017;66(12):2283-2289. https://doi.org/10.1007/s11172-017-2015-1

[Rakhlin V.., Tsyrendorzhieva I.P., Sysoev S.V.,
Rumyantsev Yu.M., Maslova O.V., Kosinova M.L. 4-(Trimethylsilyl)-
morpholine: synthesis, characterization, and prospects of use
in film deposition processes. Izvestiya Akademii Nauk. Seriya
Khimicheskaya. 2017;(12):2283-2289 (in Russ.).]

2. Yoshida K., Liu Q., Yasue R, Wada S., Kimura R.,
Konishi T., Ogasawara M. Versatile and Enantioselective
Preparation of Planar-Chiral Metallocene-Fused
4-Dialkylaminopyridines and Their  Application
in Asymmetric Organocatalysis. ACS Catalysis.
2020;10(1):292-301. https://doi.org/10.1021/acs-
catal.9b04438

Authors’ contributions
A.D. Kirilin — idea of the study and general
management;
L.O. Belova, N.I. Kirilina — writing the text of
the article and the analysis of the obtained results;
N.A. Golub, M.V. Pletneva — conducting the
experiments.

The authors declare no conflict of interest.

3. Zhong W., Xu W., Yang Q., Kato T., Liu Y,
Maruoka K. A new approach for the copper-catalyzed
functionalization of alkyl hydroperoxides with organosilicon
compounds via in-situ-generated alkylsilyl peroxides. Tetrahedron.
2022;112:132627. https://doi.org/10.1016/j.tet.2021.132627

4. Zasukha S., Khairulin A., Shermolovich Y. The
reactions of N-trimethylsilyl substituted ethers of a- and
B-amino acids with sulfur tetrafluoride and morpholino-
sulfur trifluoride. J. Sulfur Chem. 2021;42(5):477-489.
https://doi.org/10.1080/17415993.2021.1912045

5. Yang J., Shkrob I, Liu K., Connell J., Dietz-Rado N.L.,
Zhang Z., Liao C. 4-(Trimethylsilyl) Morpholine as a
Multifunctional Electrolyte Additive in High Voltage
LithiumIonBatteries.J. Electrochem. Soc.2020;167(7):070533.
https://doi.org/10.1149/1945-7111/ab7a9%

6. Herbig M., Kroke E. Low cost apparatus for rapid
boiling point determination of small air sensitive samples under
inert atmosphere. Thermochimica Acta. 2017;654:81-84. https://
doi.org/10.1016/j.tca.2017.05.005

Toukue xummdeckue TexHoaorur = Fine Chemical Technologies. 2022;17(5):377-383

382


https://doi.org/10.1007/s11172-017-2015-1
https://doi.org/10.1021/acscatal.9b04438
https://doi.org/10.1021/acscatal.9b04438
https://doi.org/10.1016/j.tet.2021.132627
https://doi.org/10.1080/17415993.2021.1912045
https://doi.org/10.1149/1945-7111/ab7a9e
https://doi.org/10.1016/j.tca.2017.05.005
https://doi.org/10.1016/j.tca.2017.05.005

Liya O. Belova, Nataliya A. Golub, Mariya V. Pletneva, et al.

7.Herbig M., Béhme U., Kroke E. Insertion of CO, and related 11. Kozyukov V.P., Sheludyakov V.D., Mironov V.F.
heteroallenes into the Si-N-bond of methyl(N-morpholino)silanes. Silicon-containing isocyanates. Russ. Chem. Rev.
Inorg. Chim. Acta. 2018;73:20-28. https://doi.org/10.1016/j.ica.2017.12.020 1973;42(8):662—667. https://doi.org/10.1070/RC1973v-

8. Jahn U.A., Schroth W. Novel and simple method 042n08ABEH002704

for the preparation of imivium salts. Tetrahedron Lett. [Original Russian Text: Kozyukov V.P., Sheludyakov V.D.,

1993;34(37):5863-5866. https://doi.org/10.1016/S0040-4039(00)73799-3 Mironov V.F. Silicon-containing isocyanates. Uspekhi Khimii.
9. Sinitsa A.D., Parkhomenko N.A., Stukalo E.A. 1973;42(8):1451-1480 (in Russ.).]

Reactions of trimethylsilylamines with o-substituted alkyl 12. Klebe J.F., Bush J.B., Lyon, J.E. The Addition of

isocyanates. Zhurnal Obshchei Khimii. 1977;47(9):2077-2081 Silylamines and Silazanes to Isocyanates J. Am. Chem.

(in Russ.). Soc.  1964;86(20):4400-4406.  https://doi.org/10.1021/
10. Belova L.O., Golub N.A., Storozhenko P.A., ja01074a035

Kirilin A.D. Unusual Behavior of Nitrogen-Containing
Organosilicon Compounds in the Reactions with
Isocyanates. Russ. J. Gen. Chem. 2021;91(5):820-827. https://
doi.org/10.1134/S1070363221050108

About the authors:

Liya O. Belova, Dr. Sci. (Chem.), Professor, K.A. Andrianov Department of Chemistry and Technology of Organoele-
ment Compounds, M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological University (86,
Vernadskogo pr., Moscow, 119571, Russia). E-mail: belova@mirea.ru. Scopus Author ID 7102282244, RSCI SPIN-code 3499-7697,
https://orcid.org/0000-0002-3920-2908

Nataliya A. Golub, Cand. Sci. (Chem.) Associate Professor, K.A. Andrianov Department of Chemistry and Technology
of Organoelement Compounds, M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological
University (86, Vernadskogo pr., Moscow, 119571, Russia). E-mail: golub@mirea.ru. Scopus Author ID 56084643600,
RSCI SPIN-code 4240-3509, https://orcid.org/0000-0001-9932-7588

Mariya V. Pletneva, Cand. Sci. (Chem.) Associate Professor, K.A. Andrianov Department of Chemistry and Technology
of Organoelement Compounds, M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological
University (86, Vernadskogo pr., Moscow, 119571, Russia). E-mail: pletneva@mirea.ru. Scopus Author ID 37104888400,
RSCI SPIN-code 9399-0150, https://orcid.org/0000-0002-4940-292X

Nadezhda 1. Kirilina, Cand. Sci. (Chem.), Leading Engineer, State Scientific Research Institute of Chemistry and
Technology of Organoelement Compounds (38, Entuziastov shosse, Moscow, 111123, Russia). E-mail: ous@eos.su. Scopus Author
ID 57193056863, RSCI SPIN-code 4549-8907, https://orcid.org/0000-0001-9932-7588

Alexey D. Kirilin, Dr. Sci. (Chem.), Professor, Head of the K.A. Andrianov Department of Chemistry and Technology
of Organoelement Compounds, M.V. Lomonosov Institute of Fine Chemical Technologies, MIREA — Russian Technological
University (86, Vernadskogo pr.,, Moscow, 119571, Russia). E-mail: kirilin@mirea.ru. Scopus Author ID 6603604447,
ResearcherID 0-9744-215, RSCI SPIN-code 5500-5030, https://orcid.org/0000-0001-9225-9551

06 aemopax:

Benoea Ausi OnezoeHa, 51.X.H., npodeccop Kadeapbl XUMHUU U TEXHOJOTMU 3JIEMEHTOOPIaHWYEeCKHX COCAMHEHHN
uM. K.A. Augpuanosa MHCTUTyTa TOHKUX XUMHUUYecKuX TexHoaoruil um. M.B. Jlomonocosa ®I'6OY BO «MUPDA — Poccuiickuii
TexXHONorm4eckuit yausepcurer» (119571, Poccusi, Mocksa, np-t BepHajckoro, 1. 86). E-mail: belova@mirea.ru. Scopus Author
ID 7102282244, SPIN-kox PUHILI 3499-7697, https://orcid.org/0000-0002-3920-2908

Tony6 Hamanusi AnexcanOpoeHQA, K.X.H., JOUEHT Kadeapbl XUMUH M TEXHOJOTHU DIEMEHTOOPTaHUYECKHX
coequnennii uM. K.A. AnzppuanoBa VHCTUTyTa TOHKMX XHMMHUYECKUX TexHosorumii uM. M.B. Jlomonocosa P®I'bBOY BO
«MUPDA — Poccuiickuii TexHonornyeckuid ynusepcuter» (119571, Poccus, Mocksa, np-t Bepnaackoro, n. 86). E-mail:
golub@mirea.ru. Scopus Author ID 56084643600, SPIN-kox PUHII 4240-3509, https://orcid.org/0000-0001-9932-7588

IInemneea Mapust BnadumupoeHa, K.X.H., TOUEHT Kadeapbl XUMHM M TEXHOIOIUH DIEMEHTOOPTAHUYECKHX
coequHennii uM. K.A. AnzapuanoBa VHCTUTyTa TOHKMX XHMMHUYECKUX TexHosorumid uMm. M.B. Jlomonocosa P®I'bOY BO
«MUPDA — Poccuiickuii TexHonornueckuid ynusepcuter» (119571, Poccus, Mocksa, np-t Bepnaackoro, n. 86). E-mail:
pletneva@mirea.ru. Scopus Author ID 37104888400, SPIN-xox PMHI 9399-0150, https://orcid.org/0000-0002-4940-292X

Kupununa Hadexoda HeanoeHa, k.x.H., Benyuwuii umikenep, [HL P® AO «[ocysapCTBEHHbBIA Hay4YHO-
UCCIIEIOBATENbCKUI MHCTUTYT XMMHUHM M TEXHOJIOTMH dJIeMEHTOOpranudeckux coenunenuin» (111123, Poccusi, MockBa, mocce
DHTy3MacToB, 1. 38). E-mail: ous@eos.su. Scopus Author ID 57193056863, SPIN-kon PUHILI 4549-8907, https://orcid.org/0000-
0001-9932-7588

Kupunun Anexceii Jmumpueeuu, 1.x.H., po)eccop, 3aBeTyommii Kadeapoii XMMHUH W TEXHOJIOTUH S/IEMEHTOOPTaHMYECKHX
coequnennii um. K.A. AnnpuaHoBa MHcTtuTyTa TOHKMX XuMHYecKMX TexHonoruii um. M.B. Jlomonocoa ®I'BOY BO
«MUPDA — Poccuiickuii TexHomormaeckuii yausepeureD (119571, Poccusi, Mocksa, np-T Beprazckoro, 1. 86). E-mail: kirilin@mirea.ru,
Scopus Author ID 6603604447, ResearcherID 0-9744-215, SPIN-kon PUHIL 5500-5030, https://orcid.org/0000-0001-9225-9551

The article was submitted: April 08, 2022; approved afier reviewing: May 25, 2022, accepted for publication: September 26, 2022.

Translated from Russian into English by M. Povorin
Edited for English language and spelling by Thomas Beavitt

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(5):377-383
383


https://doi.org/10.1016/j.ica.2017.12.020
https://doi.org/10.1016/S0040-4039(00)73799-3
https://doi.org/10.1134/S1070363221050108
https://doi.org/10.1134/S1070363221050108
https://doi.org/10.1070/RC1973v042n08ABEH002704
https://doi.org/10.1070/RC1973v042n08ABEH002704
https://doi.org/10.1021/ja01074a035
https://doi.org/10.1021/ja01074a035
mailto:belova@mirea.ru
https://orcid.org/0000-0002-3920-2908
mailto:golub@mirea.ru
https://orcid.org/0000-0001-9932-7588
mailto:pletneva@mirea.ru
https://orcid.org/0000-0002-4940-292X
mailto:ous@eos.su
https://orcid.org/0000-0001-9932-7588
mailto:kirilin@mirea.ru
https://orcid.org/0000-0001-9225-9551
mailto:belova@mirea.ru
https://orcid.org/0000-0002-3920-2908
mailto:golub@mirea.ru
https://orcid.org/0000-0001-9932-7588
mailto:pletneva@mirea.ru
https://orcid.org/0000-0002-4940-292X
mailto:ous@eos.su
https://orcid.org/0000-0001-9932-7588
https://orcid.org/0000-0001-9932-7588
mailto:kirilin@mirea.ru
https://orcid.org/0000-0001-9225-9551

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(5):384-393

BIOCHEMISTRY AND BIOTECHNOLOGY

BHOXHMHSI © BHOTEXHOAOT'HUSA

ISSN 2686-7575 (Online)

https://doi.org/ 10.32362/2410-6593-2022-17-5-384-393 [@)ey |

UDC 615.275.2

RESEARCH ARTICLE

Effect of antiviral siRNAs on the production of cytokines in vitro
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Abstract

Objectives. To evaluate the dynamics of the expression level of IL-18 and IL-28f3 (IFN-A3) genes
as a result of complex knockdown of some cellular genes, whose expression products play an
important role in the reproduction of the influenza virus.

Methods. Following the collection of virus-containing liquid and cell lysate within three days
from the moment of transfection and infection, the intensity of viral reproduction was assessed
using the cytopathic effect titration method. The concentration of viral ribonucleic acid (VRNA)
and change in the expression of IL-1f3 and IL-28f3 (IFN-A3) were determined by real-time reverse
transcription quantitative polymerase chain reaction (real-time RT-qPCR). The nonparametric
Mann-Whitney test was used to statistically calculate significant differences between groups.
Results. The use of each small interfering ribonucleic acid (siRNA) complex led to a decrease
in viral reproduction on the first day at the multiplicity of infection (MOI) of 0.001. The use of
complex A (FLT4.2 + Nup98.1) and D (FLT4.2 + Nup98.1 + Nup205) led to a decrease in viral titer
by 2.8 lgTCID,,/mL and by 2.1 lgTCID,,/mL relative to the use of nonspecific L2 siRNA and viral
control (p < 0.05). Transfection of complexes B (Nup98.1 + Nup205) and C (FLT4.2 + Nup205) also
reduced the viral titer by 1.5 lgTCID,,/mL and 1.8 IgTCID, /mL relative to nonspecific L2 siRNA
and viral control (p < 0.05). When conducting real-time RT-qPCR, a significant decrease in the
concentration of viral RNA was also noted. When using complexes B, C, and D, the concentration
of vURNA decreased on the first day by 14.5, 4.1, and 15 times, respectively. On the second

© AV. Pak, E.A. Pashkov, N.D. Abramova, A.V. Poddubikov, F.G. Nagieva, E.A. Bogdanova, E.P. Pashkov,
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day, a decrease in URNA was observed in cells with B and D complexes by 17.1 and 18.3 times
(p < 0.05). Along with a decrease in the viral titer and vRNA, an increase in the expression of the
IL-1f3 and IL-283 genes was observed on the first day when using all sSiRNA complexes relative
to nonspecific and viral controls (p < 0.05). On the second day, an increase was also observed in
cells with A and D complexes, while on the third day, there was an increase in the expression of
these genes in cells with complex D (p < 0.05).

Conclusions. The use of siRNA complexes is shown to have a pronounced antiviral effect while
simultaneously suppressing the activity of cellular genes (FLT4, Nup98 and Nup205). In parallel,
the transfection of complexes that block the formation of expression products necessary for viral
reproduction is demonstrated to lead to an increase in the level of expression of the IL-13 and
IL-28p genes. These results indicate not only that the use of siRNA has antiviral activity, but also
immunomodulatory activity, which can contribute to a more effective immune response of the
body.

Keywords: RNA interference, IL-1f3, influenza A virus, IFN-A3, gene expression, siRNA,
pro-inflammatory cytokines, IL-284, viral RNA

For citation: Pak A.V., Pashkov E.A., Abramova N.D., Poddubikov A.V., Nagieva F.G., Bogdanova E.A., Pashkov E.P,,
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HeucrBue nporuBoBUpPycHbIX MUPHK
Ha BbIPA0OTKY UMTOKUHOB in vitro

A.B. ITaxk!, E.A. ITamikos*%", H.JI. AOGpamoBa?, A.B. Iloaayoukos?, ®.I'. Haruepa?,
E.A. Boraanogal, E.Il. [TamkoB!, O.A. CBuTH4!?, B.B. 3BepeB!?

TTepsvlii Mockosckuii 2ocyoapcmaeHHblil meouyuHekuil yrnusepcumem um. M.M. Ceuerosa MuHzopasa
Poccuu (Ceuerosckuili YHugepcumem), Mocksea, 119991 Poccus

?HayuHo-uccnedosamenbckuil UHCmumym 8aKyuH u coleopomok um. M.HU. Meuruxosa MuHzopasa
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AHHOMaAyus

Ienu. OyeHumb OuHAMUKY YposHs sKcnpeccuu 2eHos IL-13 u IL-28f3 (IFN-A3) e pesynsmame
KOMNLEKCHO20 HOKOAYHA HEKOMOPbLX KAEMOUHbLX 2eH08, Ubl NPOOYKmMblL IKCNPeccuu uzparom
BAIKHYIO POSb 8 penpoOyKUUU supyca 2punnd.

MemooutL. Bupyccodeprkauiyto HKU0KoCms U KAeMOUHbL Au3am ombupanu 8 meueHue 3-x oHell
C MOMeHMAa MpaHCheKUUU U 3aparKeHust U OUeHUBANIU UHMEeHCUBHOCMb 8UPYCHOT penpodyKyuu
Mmemodamu mumpoeaHus no yumonamuueckomy oeticmsuro. KoHyeHmpayuro eupycHoii pubo-
HyKkeurosoll kucnomut (6PHK) u usmenerue sxcnpeccuu IL-13 u IL-28 (IFN-A3) onpedensiiu
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MemoooMm 06pamHOU MPAHCKPUNUUU U NOAUMEPA3HOT UEeNnHOU peakyuu 8 pexume peaibHo20
epemeHu (OT-IIL[P-PB). /Ins 8bluUC/eHUSL CMAMUCMUUECKU 3HAUUMBIX PA3AUUUT MeXK0Y 2pynna-
MU UCNONB308ANU Henapamempuueckuii kpumepuii MaHHa-YumHu.

Pesynemameot. HcnonwsosaHue Ka2K0020 Komnaekca manblx uHmepgepupyrowux PHK (mMuPHK)
Nnpueoouno K CHUIKEHUN BUPYCHOU penpodykuuu Ha l-e cymrku npu MHOI)KEcmeeHHOCmu
3aparxerust 0.001. IIpumereHue komnnexcog A (FLT4.2 + Nup98.1) u D (FLT4.2 + Nup98.1 +
Nup205) npugoouso kK cHusxKeruo gupycrozo mumpa Ha 2.8 lgTL/,,/ ma u na 2.1 lgTL/, ,/ ma
omHocumenbHo npumeHeHust Hecheyuguueckoii MmuPHK L2 u eupycHozo konmposas (p < 0.05).
Bpesynemame mparcgeryuu komnnekcos B(Nup98. 1+ Nup205)u C(FLT4.2+Nup205)supycHulii
mump marxoke cHuxancs Ha 1.5 gTH/A, / mau 1.8 lgTL/, / ma coomeemcmeeHHO OMHOCUMENbHO
Hecneyuguueckoli MmuPHK L2 u eupycHozo koHmpoxas (p < 0.05). IIpu nposederuu OT-IIL[P-PB
maxoke 6blL1o ommeueHo docmogepHoe YymeHbuleHue koHuenmpayuu ePHK. ITpu ucnosws3ogaHuu
romnnercos B, C u D koHuenmpayust 8PHK cHuxxanace Ha 1-e cymrxu 8 14.5, 4.1 u 15.0 pa3 coom-
eemcmeeHHo. Ha 2-e cymku 8 knemkax ¢ komnaiekcamu B u D Habnrodanocs ymeHvuleHUe KOH-
ueHmpayuu 6PHK 6 17.1 u 18.3 pas (p < 0.05). Hapsidy co cHuxkeHuem supycHozo mumpa u ePHK
Habnrooanoce nosvluleHue sxenpeccuu 2eHos IL-13 u IL-28f Ha 1-e cymiku npu UCnosb308AHUU 8CEX
romnnerxcoe MuPHK omHocumenvHO Hecneyuguueckozo u eupycHozo konmpoas (p < 0.05). Ha
2-e cymru maroke Hab00ANI0Cb NO8bLULEHUE FIKCNPECCUU 8 KIemKax ¢ Komnaerxcamu A u D, a Ha
mpemuu — 8 Kiemkax ¢ komnnexcom D (p <0.05).

Boreoodst. HccnedosaHue nokasasio, umo npumeHeHue rkommnueikcoe MuPHK npueodum K &bl-
PAIKEHHOMY NPOMUBOSUPYCHOMY 3hhexmy npu 00HOBPEeMEHHOM No0aeNeHUU OKMUBHOCMU
rKnemouHwblx 2eHo8 (FLT4, Nup98 u Nup205). IlapannenbHo ¢ amum 6bL10 8blsi8leHOo, umo npu
mpaHcheryul Komniexcos, b1oKupyrouux obpaszosarue npooyKkmoe IKCnpeccuul, Heobxooumblx
0151 8UPYCHOUL penpodyKyuu, nogsvluiaemest YypogeHs sxcnpeccuu eeHos IL-13 u IL-28f3. /laHHble
pesyabvmamel ceudemenbCcmayrom o mom, umo ucnosavsyemoie MuPHK obradarom He mosbKo
NnpomugosuUpPYCHOU, HO MaKIKe U UMMYHOMOOYAuUpyrouell akmusHocmysio, umo cnocobcmayem
b6osiee a¢pheKkmueHOMY UMMYHHOMY Oomeemy OpeaHU3IMA.

Knroueevle cnoea: PHK-unmepgeperyus, IL-1f3, supyc epunna A, IFN-A3, skchpeccus 2eHos,
MuPHK, npoeocnanumenvHule yumorkuHwl, IL-2883, supycras PHK

Mna yumupoeanusn: Ilax A.B., [Tamkos E.A., Abpamosa H.JI., [Tognyoukos A.B., Haruesa ®.I., bornanosa E.A.,

IMamxos E.II., Ceutuu O.A., 3BepeB B.B. JleiicrBue nporusoBupycHbsix MUPHK Ha BeIpaOOTKY LUTOKUHOB in vitro. Tonkue
xumuueckue mexvonozuu. 2022;17(5):384-393. https://doi.org/10.32362/2410-6593-2022-17-5-384-393

INTRODUCTION problems, having severe social and economic

consequences. For example, the COVID-19 pandemic

present work continues research on caused by the SARS-CoV-2 virus has claimed

the creation of a wuniversal platform for the the lives of more than 6.3 min people worldwide

rapid development of cost-effective and safe since 2019', and influenza ended almost 650000

treatments for viral infections, which was launched lives in 2021 alone? Viral infections affect not

in 2021 by a group of scientists from the

I.I. Mechnikov Research Institute of Vaccines and ! https://coronavirus-graph.ru/mir, accessed June 20, 2022.

Serums (Russia) [1, 2]. 2 https://www.euro.who.int/ru/media-centre/

Today, respiratory viral infections have events/events/2021/10/flu-awareness-campaign-2021,
become one of the most pressing global accessed June 20, 2022.
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only the respiratory, but also central nervous,
genitourinary, cardiovascular and immune systems,
as well as leading to the development of bacterial
and fungal complications [3-6].

Influenza  viruses have  proteins  with
immunomodulatory properties, which can trigger
secondary immunodeficiencies. Among these,
the best-studied protein is NS-1 (nonstructural
protein-1), one of whose main functions is to
disrupt the functioning of interferon-mediated
defense mechanisms of the body, reducing the
production of pro-inflammatory cytokines known
as interleukins, which in turn leads to a lack of
immune response [7].

To date, there are a number of etiotropic,
pathogenetic, symptomatic, and immunomodulatory
drugs wused for the treatment of influenza.
However, achieving a full therapeutic effect
from the use of these drugs is prevented by
the emergence of new resistant forms of the
influenza virus, the development of allergic
reactions to drugs, and the need for their
individual selection [8—11]. The question of the
use of immunomodulatory drugs also remains
open, since the effect of their use is limited,
and in some cases can lead to serious
consequences for the patient himself [12-14].
The use of anti-influenza drugs also has certain
limitations [15]. To overcome these problems, the
design and development of fundamentally new
antiviral drugs is required. One of the promising
new technologies for creating specific antiviral
drugs is based on the mechanism of RNA
interference [16—18].

Previously, =~ we  have  demonstrated a
pronounced antiviral effect from the use of
small interfering RNAs (siRNAs) directed to
one, two, or more cellular genes simultaneously,
whose expression products are important in
viral reproduction. However, in earlier works,
we did not evaluate changes in the expression
of some pro-inflammatory  cytokines role
in the formation of antiviral immunity [1, 2, 19].
IL-1p is involved in increased expression of the
MCP-1 and MCP-3 genes and functional
maturation of tissue macrophages and dendritic
cells [20, 21]. This leads to increased
inflammatory response and activation of an efficient
antigen presentation system. [FN-13, which are
formed earlier than other types of interferons,
demonstrate a powerful protective function at
early stages of infection. The use of siRNAs
in relation to cellular genes involved in the
reproduction of the influenza virus can reduce
viral activity in vitro and promote a more
effective immune response [18].

Based on the foregoing, the aim of the
present study is to evaluate the dynamics of
the expression level of IL-1§ and IL-28f (IFN-13)
genes as a result of complex knockdown of
some cellular genes, whose expression products
play an important role in the reproduction of the
influenza virus.

MATERIALS AND METHODS

Methods used in the present work included
selection of siRNAs, oligonucleotides, sequences
of siRNAs used, information about the influenza
A/WSN/33 (HIN1) virus used, cell cultures, method
for assessing the cytotoxicity of siRNA complexes,
method for transfection of siRNA cells with
subsequent infection, siRNA complexes used. The
used virus titration method on the end point of
cytopathic action was as presented in our earlier
studies [1, 2, 19]. The expression of /L-1 and IFN-13
genes was studied by real-time reverse transcription
polymerase chain reaction (real-time RT-PCR).

Detection of viral RNA

Total RNA was isolated from the cell lysate
using the ExtractRNA kit (Evrogen, Russia). The
OT-1 reagent kit (Synfol, Russia) was used to set
up the reverse transcription reaction. Changes in
the concentration of viral RNA (VRNA) were
monitored using quantitative real-time RT-PCR with
a set of primers and probes for the influenza A M
gene [22]. To assess the expression of [/L-If and
IFN-23, real-time RT-PCR and the expression
evaluation criterion 224 were used.

For real-time PCR, a set of reagents in the
presence of EVA Green dye and reference dye
ROX (Syntol) and a 2.5-fold reaction mixture
for real-time PCR (Syntol) were wused. The
working concentration of primers and probes was
10 pmol/uL and 5 pmol/uL, respectively. The
real-time PCR reaction was carried out in a DT-96
amplifier (DNA-technology, Russia). The temperature-
time regime was 95°C and 5 min (1 cycle), 62°C and
40 s, 95°C and 15 s (40 cycles). Primers and probes
were synthesized by Syntol and presented in [2].

Statistical data processing

The statistical significance of the results obtained
was determined using the Mann—Whitney U test. The
difference was considered significant at a statistical
significance level of 0.01 < p < 0.05. Reliability

indicators were calculated using the Minitab software’.

3 https://www.minitab.com/en-us/, accessed June 08, 2022.
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RESULTS

Assessment of cytotoxicity

Previously, similar siRNA sequences were used
in a study to evaluate the antiviral effect against
the influenza virus. Detailed results of the
cytotoxicity evaluation are presented in the study [2].

Influence of siRNA complexes on virus titer

To assess the effectiveness of the antiviral
action of siRNA in reducing viral activity,
titration of the virus-containing liquid was
performed on a Madin-Darby Canine Kidney
cell culture, which was taken at 24, 48, and 72 h
from the moment of transfection of the siRNA
complexes into the A549 cell culture. In contrast

to our previous study [1], in this work, the
multiplicity of infection (MOI) was 0.001.
It was found that the wuse of all siRNA

complexes at a given MOI directed to cellular
genes leads to a significant decrease in viral
reproduction on the first day after infection.
The obtained data shown in Fig. 1 indicate the
ability of siRNA to reduce viral activity in vitro.
Upon transfection of the A complex directed
to the FLT4 + Nup98 genes, a significant
decrease in the viral titer was observed compared
to the nonspecific control by 2.8 IgTCID,/mL
(p < 0.05). Upon transfection of the B complex

0.001)

IgTCID 5o /mL (MOI

siRNA complex
M 2nd day (center) M 3rd day (right)

M 1st day (left)

Fig. 1. Influence of siRNAs complexes
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4 + Nup205;
D: FLT4 + Nup98 + Nup205) directed to the FLT4, Nup98,
and Nup205 genes on the reproduction of the influenza
virus (p < 0.05). IAV—influenza A virus. The ordinate
indicates the change in virus titer in IgTCD, /mL.
The abscissa shows siRNA complexes.

Ig copies RNA/mL

(Nup98 + Nup205 genes), the corresponding
increase was 1.5 IgTCID,/mL (p < 0.05). The use
of complexes C (FLT4 + Nup205 genes) and D
(FLT4 + Nup98 + Nup205 genes) led to a significant
decrease in viral titer compared with nonspecific
control by 1.8 and 2.1 1gTCID,/mL, respectively
(» <0.09).

Influence of sSiRNA on vRNA concentration

Figure 2 shows the change in in vitro VRNA
concentration resulting from siRNA transfection
as assessed using real-time RT-PCR. At MOI = 0.001,
the use of B, C, and D complexes led to a significant
decrease in VRNA on the first day as compared
with nonspecific control by 14.5, 4.1, and 15 times,
respectively (p < 0.05). On the second day, a decrease
in VRNA was observed when using B and D
complexes by 17.1 and 18.3 times, respectively
(p <0.05).

Expression dynamics of IL-1§ and IFN-13

Expression of [L-1f and IFN-13  was
assessed using real-time RT-PCR and the expression
evaluation criterion 2722, Figure 3 shows the
results of the evaluation of the expression of /L-1p.
At MOI = 0.001, a significant increase in [L-I1f
expression by 18% relative to mnonspecific control
was observed on day 1 when complex A was
used. When transfecting B, C, and D complexes, a
significant increase in [L-1f expression was also
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Fig. 2. Effect of siRNA complexes (A: FLT4 + Nup98;
B: Nup98 + Nup205; C: FLT4 + Nup205;

D: FLT4 + Nup98 + Nup205) on the concentration of viral
RNA. (On the graph, the data are given in log, , in the text
the decrease is indicated in the number of times)

(p £0.05). IAV—influenza A virus. The ordinate indicates
the change for vRNA in log, . The abscissa shows
siRNA complexes.
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noted on days 10, 17, and 25%, respectively
(p < 0.05). On the second day, the expression level of
IL-1p increased in cells transfected with A and D
complexes by 118 and 90% (p < 0.05) as compared
with the nonspecific control, which also exceeded
the expression level in uninfected cells by 45 and
17%, respectively. On the third day, an increase in
IL-1f expression by 47% was noted in cells
transfected with complex D (p < 0.05). Figure 4
shows data on the change in the expression of
IFN-A3 within three days from the moment of
transfection and infection. A significant increase
inexpression relative to mnonspecific control was
noted only on the second day when using A and C
complexes by 10 and 24%, respectively (p < 0.05).

DISCUSSION

The present work evaluates the effect of
siRNAs on the induction of [L-1f and [FN-13
production and the concomitant decrease in viral
activity. A series of experiments was carried out
to assess changes in the expression of the level
of IL-1p and IFN-13 during suppression of the
expression of cellular genes FLT4, Nup98 and
Nup205, which are important for the reproduction
of the influenza virus using siRNA. To evaluate
the effectiveness of cytokine expression and
decrease in viral activity, two mutually-compatible
methodological approaches were used: virus
titration by cytopathic effect and real-time
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Fig. 3. Effect of siRNA complexes
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4 + Nup205;
D: FLT4 + Nup98 + Nup205) on changes in IL-1f
expression (p < 0.05). IAV—influenza A virus.
The ordinate shows the change in the expression level
of IL-1p. The abscissa shows siRNA complexes.
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Fig. 4. Effect of siRNA complexes
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4 + Nup205;
D: FLT4 + Nup98 + Nup205) on changes in /FFN-13
expression (p < 0.05). IAV—influenza A virus.
The ordinate shows the change in the expression level
of IFN-43. The abscissa shows siRNA complexes.

RT-PCR. The use of siRNA was shown to lead to
a pronounced antiviral effect: the obtained data
indicated a dependent relationship between a
decrease in viral titer, a change in the amount
of vRNA, and increased levels of IL-If and
IFN-A3. Earlier results demonstrated the low
cytotoxicity of siRNA complexes, allowing
significant disturbances in cell vital activity
following knockdown of one or several genes
to be avoided [2].

When the wvirus was titrated against
cytopathic effect, each siRNA complex was
shown to lead to a decrease in viral activity on
the first day following infection. Table 1 shows
that at MOI = 0.001, the wviral titer in cells
treated with A and D complexes decreased by
2.8 1gTCID,/mL and by 2.1 IgTCID,/mL,
respectively, relative to nonspecific L2 siRNA
(p < 0.05). Upon transfection of B and C
complexes, the respective decreases in viral
titer were 1.5 1gTCID,/mL and 1.8 IgTCID, /mL
as compared with the nonspecific control L2
(» <£0.05).

According to the results of RT-PCR, there
was a decrease in the amount of VRNA in the
cells treated with the complexes as compared
to nonspecific and viral controls. The use of
complexes B, C, and D led to a significant
decrease in VRNA on the first day compared to
siL2 siRNA by factors of 14.5, 4.1, and 15,
respectively (p < 0.05). When using the B and
D complexes, the VRNA concentration on the
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second day was observed to decrease by 17.1 and
18.3 times, respectively (p < 0.05). It is significant
that, when using complex A, despite a pronounced
observed decrease in viral titer, there was no
decrease in the concentration of VRNA. This result
is likely due to the combination of complex A
directed to the FLT4 and Nup98 genes leading
to partial synthesis of VRNA. Nevertheless, there
was limited assembly and release of the virion
from the cell, while the remaining complexes,
apparently, completely blocked the synthesis
of VRNA, the assembly and release of the
virion. Similar results are noted in the work of
J. Piasecka et al., where the antiviral effect of
siRNAs is also assessed [23].

Expression of /L-1f and IFN-A3 was assessed
using real-time RT-PCR and the expression
evaluation criterion 2. Figures 3 and 4
show data on the dynamics of /L-/f and IFN-i3
expression within three days from the moment
of transfection and infection. The most effective
increase in [L-1f expression is observed when
using A and D complexes. In relation to the
nonspecific control L2 (p < 0.05), the increase
in expression on the first and second days
following transfection was 18/118% for complex A
and 25/90% for complex D, respectively, as
well as exceeding the expression level in
uninfected cells by 45% and 17% on the
second day. On the third day, an increased
expression was also noted when the complex D
was used by 47%. When using B and C complexes,
an increase in expression was noted only on
the first day by 10% and 17%, respectively
(p < 0.05). When assessing the increase in
the expression level of [FN-A3, an increase
was observed only on the second day when
using A and C complexes by 10% and 24%,
respectively, relative to the nonspecific control
(» < 0.05). This result of a heterogeneous
increase in the expression of [L-If and
IFN-A3 is apparently due to different siRNA
nucleotide  sequences differently inducing the
production of pro-inflammatory  cytokines and
interferons through Toll-like receptors.

CONCLUSIONS

The challenge of developing medicines
for the prevention and treatment of highly
contagious respiratory infections is currently

of particular relevance. It is necessary that
such medicinal substances be safe, non-toxic
for the patient, as well as having a low spectrum
of contraindications. In addition, such drugs
should offer a clear therapeutic and prophylactic
effect despite the drug resistance of the pathogen.
The present study provides evidence that the
simultaneous knockdown of several cellular
genes that play an important role in viral reproduction
by means of siRNA complexes significantly
reduced influenza viral activity in vitro. Despite
the ability of the influenza virus to exert an
immunosuppressive effect, a pronounced decrease
in VRNA and increase in the expression level of
IL-1 and IFN-A3 was observed. The results
indicate that siRNAs wused in the work have
not only antiviral but also immunomodulatory
activity, which contributes to a more effective
immune response. Additionally, these results
represent the development of principles for the
rapid design and creation of specific antiviral
agents designed to protect against existing
and emerging pathogenic viruses, ensure the
anti-epidemic safety of various population groups,
and effectively respond to the emergence of
pandemics and possible cases of bioterrorism.
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Abstract

Objectives. While organic and inorganic derivatives of selenium like thiol poisons are known
to activate enzymes in cells of different organisms, the mechanism of enzyme activity induction
is poorly studied. Therefore, the aim of the study was to investigate the effect of selenium
compounds on peroxidase activity induction in maize tissues.

Methods. Mechanism of sulfhydryl groups blocking in selenium derivatives was studied on
maize in comparison with fungicide tolylfluanid—a typical thiol poison. Electrolytes leakage
was determined using conductometry and capillary electrophoresis, protein fractions—by the
Ermakov-Durinina method, protein concentration—according to Bradford protein essay, and
peroxidase activity—by the Boyarkin method.

Results. Diacetophenolylselenide (DAPS-25) was shown to react with SH-groups similarly with
tolylfluanid fungicide. DAPS-25 increased K* and NH, leakage by 58 and 14 times, while
appropriate increases for tolylfluanid were 4.4 and 1.5 times as compared to control. Increased
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total protein content—especially albumins—was due to electrolyte leakage from maize cells.
DAPS-25 increased albumins concentration by 2.4-4.5 times, and tolylfluanid application by
2 times. Similar increase of peroxidase activity in maize roots and sprouts as a result of
DAPS-25 (by 63% and 112%) and tolylfluanid (by 73% and 63%) application indicates close
mechanism of their effect. Under DAPS-25 loading L-cysteine decreases peroxidase activity,
which records the removal of SH-groups blockage. A less intensive effect was registered
for sodium selenite and L-selenocystin, also capable of reacting with SH-groups. L-cysteine
supplementation to DAPS-25 solution decreases selenium concentration in maize, indicating
the decrease of selenium bioavailability.

Conclusions. The results indicated that selenium containing compounds react with SH-groups
of maize cells increasing electrolytes leakage, protein content and especially albumins resulting
in the increase of peroxidase activity.

Keywords: diacetophenonyl selenide, tolylfluanid, Zea mays, peroxidase, electrolytes, proteins
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HAYYHAS CTATbA

Tuon3aBuCHMBbIE MEXaHU3MBI JICHCTBHS CEJICHOCOAEePKANINX
MpenaparoB U TOJNWI(IYaHHIA HA UCTEYCHHUE IEKTPOJIUTOB
U AKTUBHOCTH MEPOKCH/IA3bI B PACTCHUSIX KYKYPY3bl (Zea mays L..)

I1.A. IloayGosipunos’, H.H. IlleTununa’, H.5I. Mouceena', H.H. Mukyasaxk!,
H.A. F'oayokuua?, A.Il. Kanayu?®

[TenseHcrull 20cyoapcmseHHbLi yHusepcumem, IleHsa, 440026 Poccust

2dbedepantbHblll HayUHbLU yeHmp osouieeoocmsa, BHHUHCCOK, Mockoeackast oon., 143086 Poccust
SMHPSA — Poccutickuii mexHonoeudeckuii yHusepcumem (MHcmumym moHKUX XUMUUECKUX MeXHO02UlL
um. M.B. AomoHocosa), Mocksa, 119571 Poccusi

“ Aemop osast nepenucku, e-mail: poluboyarinovpavel@yandex.ru

AnHOmMauyus

Ienu. HeopzaruuecKkue u opeaHuuecKue coe0uHeHUsl CeNeHa, KaK U psi0 0pyaux muoao8slx 51008,
akmusupyrom pepmeHmol 8 KAemrKax pasHblX 0p2aHU3MO8, 00HAKO MEeXAHU3M UHOYKYUU ¢ep-
MEHMAMuUBHOU aKMu8HOCMU MAJIOUSYUEH, 8 C8SI3U C IMUM Yesblo Hacmosiuieli pabomul cmasio
U3yUueHue MexaHusmMa 6AUSIHUSL COeOUHeHUNl ceseHa HAO UHOYKYUIO aKmueHoCmu gepmeHma
nepoxkcuoasbl 8 MKAHIX pacmeHull KYKypys3ot.

Memooust. Mexarusm 610Kupo8aHust cyibgeudpuioHovix epynn (SH-pynn) coedurneHull cenena
uccnedosanu Ha pacmeHusix KYykypy3svl 8 CpasHeHUU C pYyH2ULUOOM MOSUNAPAYAHUOOM — KAAC-
cuuecKkum muosogolm si0om. HemeueHue 21eKmponumos onpedensiiu memooom KoHOyKmome-
mpuu U KanuasipHozo aaekmpogpopesa, ppaxyuu benrxoe no memooy Epmarosa-/lypoiHuHotl,
ux KoHyeHmpayuro no 6padgopdy, axmueHocms nepokcudasst no memooy BosipKuHa.
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Pesynemamet. Bvuio ycmaHoesneHo, umo ouauemogpeHoHunceneHuo ([IADPC-25) ezaumo-
Oeticmeosan ¢ SH-epynamu, Kak u pyHauyud moaungyaHuod, Komopbwlil sieisiemest Kiaccuue-
CKUM Op2GHUUECKUM MUON08bIM si0oM. [JADC-25 cmumysrupyem ucmeueHue KaAmuoHo8 Kaaius
u ammoHust 8 58 u 14 pas, a moaungpayaruo e 4.4 u 1.5 pas e cpasHeHuu ¢ KonHmpoaem. Hemeue-
HUe 9/1eKmpoaumos U3 K1emok pacmeHull KYyKypy3svl npueooum K yeeauueHUur0 KOHUeHmpayuu
obwezo benrka u ocobeHHo anbbymuHos. KoHuermpauus ansbymuros ¢ JADPC-25 eospacmana
8 2.4-4.5 pasa, a ¢ moaungayarHudom — e 2 pasa. JADC-25 axkmusuposas gpepmeHm neporKcu-
043y 8 KOPHSX U Ha03eMHOU uacmu Kykypyset Ha 63% u 112%, a moaungayarHuo Ha 73% u 63%,
UMmo 2080pUM O CXOIXKeM MexaHusme ux deticmeausi. L-yucmeur cHuxaem aKxmusHoCcms NepoKcu-
odaszbl om Oeticmaust [JADPC-25, m.e. cHumaem bnokuposaHue SH-epynn. Cnabee axmusupyrom
neporcudasy Na,SeO, u L-ceneroyucmur, Komopsle maroke esaumooeticmeyrom ¢ SH-zpynnamu.
ColdeprkaHue ceneHa 8 pacmeHusx KYykypysvl ymeHvuwaemess npu dobasnreHuu L-uucmeuHa &
pacmeop ¢ JADC-25, umo 2080pum 0 CHUNKEHUU €20 NOCMYNIeHUSL 8 PACMEHUSL.

Buteooust. HcenedogaHust noKasaiu, Umo CesleHCo0epIauue seurecmaed e3aumooeticmayrom ¢
SH-zpynnamu Kiemok pacmeHull KYKkypyssl, YCUAUBAS UCMeEUeHUE 3/1eKMPOAUMO8 U NOSbLULAS
KOHUEeHMpauyur 6en1Ko8 8 MKAaHsX, 0CObeHHO anbbyMuUHO8, A, c1ed08amesbHO, Yeeauuusads aK-
MmusHOCMb hepMmeHma nepoKcuoasbt.

Knroueesvte cnoea: ouayemogpeHOHUNCeNeHUD, MOAUNDAYAHUD, KYKYpY3a, hneporkcuoasa,
anekmposumel, benxu

Jna yumupoeanus: Tlony6ospunos I1.A., [lernnnna H.J., Mouceesa W.5., Mukynsx H.U., Tonyokuna H.A., Kamyn A.IL

THO3aBUCHMBIE MEXaHHU3MbI JICHCTBHS CEICHOCOMCPIKAIIUX TMPEernaparoB U TOMWI(IyaHHIA Ha HCTEYCHUE DIICKTPOIUTOB
U aKTUBHOCTH TNEPOKCHAA3bl B PACTEHUSIX KYKypysbl (Zea mays L.). Tounkue xumuueckue mexuonoeuu. 2022;17(5):394-409.

https://doi.org/10.32362/2410-6593-2022-17-5-394-409

INTRODUCTION

In recent years, the catalytic functions of the trace
element selenium, which forms the active selenol
sites of antioxidant enzymes—in the first place,
four selenium-dependent glutathione peroxidases,
selenium-containing peptides and proteins—have been
widely studied [1].

Inorganic salts of selenium (sodium selenate and
selenite) and organic selenium compounds: ebselen,
2-phenylbenzoselenazol-1,2-3(2n)-one)[2], selenopyran,
9-phenyl-sym-nona-hydro-10-selenaanthracene!’,
diacetophenonyl selenide (DAPS-25), 1,5-diphenyl-
3-selenapentadione-1,5 [3], (I), have an activating
effect on a number of enzymes: catalase, peroxidase,
superoxide dismutase, glutathione peroxidase (GPx)
in plants [4-7], bacteria [8], insects [9], crustaceans [10],

' Blinokhvatov ~ A.F.  9-R-sim-nonahydro-10-oxa
(chalcogen) anthracene and 9-R-sim-octahydro-10-oxonium
(chalcogenonia) anthracene salts. Dr. Sci. Thesis (Chem.).
Saratov: SGU; 1993.

farm animals and birds [11, 12]. It should be
especially noted that out of 27 organic selenium
compounds and their 16 sulfur-containing analogs,
the highest activity of phase II enzymes—quinone
reductase (EC 1.6.5.5) and glutathione-S-transferase
(EC 2.5.1.18)—was induced by 9 selenium-
containing  compounds:  dimethyl  diselenide,
dibenzyl diselenide, diphenyl diselenide, benzyl
selenol, benzene selenic acid, ebselen, 2,5-diphenyl
selenophen, triphenylselenonium chloride, i.e., mainly
those drugs that interact with sulfhydryl groups
of mouse hepatoma cells (Hepa-1clc7) with the
formation of selenosulfide bonds [13]. However,
the mechanisms of metabolism of organoselenium
xenobiotics in biological media and their effect
on the induction of enzyme activity are not well
understood. It is known that at high concentrations,
inorganic selenium compounds: selenite, sodium
selenate, selenium oxide, act as thiol poisons to
block the sulfthydryl groups of proteins [14, 15].
Such poisons acting in this way also include certain
heavy metals: mercury, cadmium, and lead.
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A relationship between electrolyte leakage
in wheat root cell membrane damage by mercury
chloride (HgCI,) was shown to involve an increase
in the concentration of malondialdehyde (MDA),
along with activation of catalase, superoxide
dismutase, peroxidase, and ascorbate peroxidase
[16]. In contrast to plants not treated with selenium,
where the level of enzyme activity is lower, rapeseed
plants treated with sodium selenite demonstrated
an increase in the activity of catalase and ascorbate
peroxidase under stress and drought conditions [17].

The method of inhibitors is widely used to
determine the mechanism of action of various drugs.
The classic thiol poison is tolylfluanid (IV) (fungicide
Euparen Multi 500 g/kg), which does not contain
selenium. Regarding the mechanisms of action, it is
known that it nonspecifically inhibits biochemical
processes in which enzymes and coenzymes
containing sulthydryl groups and thiol-containing
cellular components take part [18]. Like all thiol
poisons, it increases the permeability of cell
membranes and promotes the “leakage” of potassium
ions from the cell [19].

The mechanism of increased activity of
enzymes may be due to the synthesis of de novo
isoenzymes, a change in the conformation of the
enzyme molecule or prosthetic group under the
influence of an inhibitor, or the catalytic effect of
the trace element selenium on selenium-dependent
enzymes. However, antioxidant defense enzymes
(catalase, peroxidase, superoxide dismutase), which
utilize peroxides and free radicals, do not belong
to selenium-dependent enzymes. In most scientific
studies, there is a relationship between the action
of thiol poisons—heavy metal ions, selenium
preparations—and the induction of the activity
of various enzymes. This may be due to the leakage
of electrolytes, i.e., modification of ion channels,
aquaporins, and lead to an increase in protein
concentration in the biomass, and, as a result, an
increase in enzyme activity.

In connection with the above, the aim of the
present study is to study the mechanism of the
effect of selenium compounds on the induction
of peroxidase enzyme activity in corn seedlings
(Zea mays L.).

MATERIALS AND METHODS

Reagents and equipment

The following reagents were used in the
work:  hydrogen  peroxide  30%,  benzidine,
L-cysteine  hydrochloride, acetone (Vekton, Russia),

DAPS-25 (Sulfat, Russia), tolylfluanid—FEuparen Multi

fungicide (BASF, Germany). The organoselenium
xenobiotic DAPS-25 and tolylfluanid were dissolved
in acetone and added to the Knop’s solution?.
Sodium selenite and L-selenocystin were dissolved
in 0.1 M HCI (Vekton, Russia). Solvents—acetone
(chemically pure) and hydrochloric acid (chemically
pure) (Vekton, Russia)—were added to the control
variants.

Determination of the electrical conductivity of
distilled water and solutions was carried out on the
conductometer  Expert-002-2-6  (AnalitPromPribor,
Russia) according to GOST 6709-723.

Determination of inorganic cations in water
was carried out according to the M 01-31-20114
method using a Capel 105M capillary electrophoresis
system (LUMEX Group of Companies, Russia).

Peroxidase activity was determined using a KFK-3
photometer (ZOMZ, Russia).

The study of the anatomy of corn root cells was
carried out under a Levenhuk D320L microscope
(Levenhuk, Russia).

Germination of corn seeds

Seeds of comn (Zea mays L.) varieties
Krasnodarsky 291 AMV (Gavrish, Russia) and
Utrennyaya Pesnya (Gavrish, Russia) were germinated
for 3 days in a thermostat at a temperature of
25-26°C [20]. For experiments, seedlings with
a root length of 1-2 cm were used. The roots
of control seedlings were immersed in a Knop’s
solution or distilled water through a perforated
plastic plate, while the experimental seedlings
were immersed in a solution with the addition of
preparations. The roots of the seedlings were kept
either in the Knop’s solution or distilled water
during the entire time of the experiment (3 days).

To determine protein fractions (albumins,
globulins, prolamins, and glutelins) and peroxidase
activity, unseparated corn roots were immersed
in Knop’s solutions containing selenium-containing
preparations and tolylfluanid in various concentrations
for 3 days. Next, the seedling samples were
divided into roots and aerial parts (hereinafter
referred to as seedlings), crushed, ground, and
centrifuged. Proteins were extracted according to
the Ermakov—Durynina method [21]. The content
of individual protein fractions was determined by
the Bradford method [22]. The control was corn

2 Chesnokov V.A., Bazyrina E.N., Bushueva T.M.,
I’inskaya N.L. Growing plants without soil. Leningrad: Izd.
Leningrad. Univ.; 1960. 170 p.

* GOST 6709-72. Interstate Standard. Distilled water.
Specifications. Moscow: Standartinform; 2010.

4 https://www.lumex.ru/complete_solutions/11ar03 01 _02 1.
php. Accessed April 18, 2020.
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seedlings whose roots were in the Knop’s solution
without the addition of biologically active substances.

Peroxidase activity was determined by the
Boyarkin method at a wavelength of 610 nm. This
method is based on measuring the time during
which a certain optical density is reached in an
experimental solution (£ = 0.250). The change in
optical density for 1 s per 1 g of raw tissue was
calculated. Benzidine was used as a substrate, the
oxidation of which results in the formation of a blue
compound [23].

The presence of elemental selenium was
determined by a qualitative reaction according to
Feigley and West [24]. The total selenium
content in the roots and seedlings of corn was
determined by the fluorimetric method with
diaminonaphthalene.’®

Statistical analysis was carried out using
the Duncan test and the computer statistical
program Excel.

RESULTS AND DISCUSSION

Influence of DAPS-25 and tolylfluanid
on the outflow of electrolytes from the cells
of the roots of corn plants

When DAPS-25 is added to the Knop’s solution,
a reaction occurs on the roots of corn seedlings
with the formation of a red modification of elemental
selenium (Fig. 1la). The formation of elemental
selenium granules and strong plasmolysis revealed
under microscopic examination indicates an increase
in the permeability of cell membranes and the
outflow of electrolytes from root cells. An increase
in the permeability of cell membranes is characteristic
of some thiol poisons [19].

Plasmolysis of maize root cells was also noted
in the variant with tolylfluanid (Fig. 1b). Thus, the
separation of the protoplast from the cell wall of the
corn root is related to the presence of thiol poison
in the Knop’s solution.

Thiol poisons can disrupt the functioning of
potassium channels [19] to cause the outflow of
electrolytes from cells. To determine the outflow
of electrolytes from root cells, distilled water was
used as a nutrient solution instead of Knop’s solution
(Table 1).

Thus, according to Table 1, it can be judged
that DAPS-25 promotes the outflow of electrolytes

MUK 4.1.033-95. Methods of control. Chemical factors.
Determination of selenium in food. Methodical instructions.
Moscow: Inform.-izd. Tsentr Goskomsanepidemnadzora
Rossii; 1995.

(b)

(©

Fig. 1. Maize roots with 100x magnification:
(a) DAPS-25 in Knop’s solution (0.025 mg Se/L, 0.16 mM/L),
(b) tolylfluanide (0.16 mM/L), (c) control.

from root cells, increasing the permeability of cell
membranes, causing plasmolysis. Determination
of cations by capillary electrophoresis showed the
presence  of ammonium, potassium,  sodium,
magnesium and calcium ions (Table 2).

Analysis of electropherogram data and those
given in Table 2 indicates that DAPS-25 stimulates
the outflow from root cells mainly of potassium
cations, as well as ammonium cations, whose
similarity in terms of ionic radius to potassium
ions [25] indicates a probable modification of the
potassium ion channels of DAPS-25. Residues of
the amino acid cysteine contained in potassium ion
channels and aquaporins [26] increase sensitivity
to the effects of thiol poisons such as mercury [27]
and silver [28] ions, as well as to subsequent blocking
of ion channels.
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Table 1. Electrical conductivity of solution from roots of maize, Krasnodarsky 291 AMV (uS/cm?)*

Days Control, pS/cm DAPS-25, 0.025 mg Se/L, nS/cm
3 2.13+£0.17a 2.04+£0.14a
4 13.61 £0.54 b 7024 +3.51b
6 1297+£0.65b 265.20 £26.52 ¢
*Values in columns with the same letters are not statistically different according to Duncan’s test with

a significance value of p < 0.05.

Table 2. Cations of solutions from roots of maize, Krasnodarsky 291 AMV (mg/L)*

Cations
Variants
NH,* K* Na* Mg* Ca*
Control 0.34+0.01a 3.57+0.04 a 1.82+0.04 a 037+0.01a 096+0.013 a
DAPS-25 19.72+£0.78b | 52.17+1.56b | 4.69+0.15b | 7.22+0.02b 484+0.17b
Multiplicity of increase in the
expiration of cations, DAPS-25, times >8.0 14.6 2.6 19.5 30

*Values in columns with different letters are significantly different at p < 0.001.

The outflow of electrolytes from the root cells
occurred similarly in the experiment with another
variety of corn with the addition of DAPS-25 and
tolylfluanid (Table 3).

The outflow of electrolytes in this experiment
was most active in the variant with DAPS-25 and to
a much lesser extent in the variant with tolylfluanid.
Capillary electrophoresis analysis also demonstrated

the presence of ammonium, potassium,
magnesium and calcium ions (Table 4).

The outflow of ammonium ions from the cells
of corn roots is 42 and 1.5 times higher than the
control in the variants with DAPS-25 and tolylfluanid,
while the outflow of potassium ions is 16.7 and
4.4 times higher, respectively. The outflow of sodium
and calcium ions is 3.6 and 1.9 times higher in the

sodium,

Table 3. Electrical conductivity of solution from roots of maize, Utrennyaya Pesnya (uS/cm?)*

DAPS-25, .
Days Control 0.025 mg Se/L, 0.16 mmol/L Tolylfluanid, 0.16 mmol/L
3 2.047 £0.08 1.890 £ 0.1 1.789 +0.05
6 6.12+0.36 101.7+6.1 21.79+ 1.1

*Values with the same indices do not differ statistically according to the Duncan’s test at p < 0.05.
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Table 4. Electrolyte cations of solution from roots of maize, Utrennyaya Pesnya (mg/L)*

Cations
Variants
NH,* K* Na* Mg Ca?
Control 0.164+0.01 a 1.16+0.04 a 0.268 +0.04 a 041+0.01a 1.76 £0.01 a
DAPS-25 6.90+0.78 b 19.36 £ 1.56 b 0.96+0.15b 3.58+0.02b 3.39+£0.17b
Tolylfluanid 0.25+0.03 ¢ 510+0.15¢ 0.56+0.01c¢ 0.77+0.02 ¢ 226+0.05¢
Multiplicity increase in
the expiration of cations,
DAPS-25/tolylfluanid. 42.0/1.52 16.7/4.4 3.56/2.0 8.7/1.88 1.9/1.3
times

*Values in columns with different letters are statistically different according to Duncan’s test at p < 0.05.

variants with DAPS-25 and tolylfluanid. The
concentration of magnesium ions in the solution is
87 and 1.9 times higher in the variants with
DAPS-25 and tolylfluanid compared to the control.
In general, tolylfluanid is more ion channel selective
than DAPS-25 and promotes efflux mainly of
potassium cations. The absence of protein in the
studied solutions indicates that the cell walls of the
plant roots have remained intact.

In our studies, DAPS-25 (I) interacts with
reduced glutathione and L-cysteine to form elemental
selenium and acetophenone (I1) [29—31]. As aresult of the

121.6 AU

first reaction, acetophenone and S-(acetophenylselenyl)
cysteine (III) are formed (Fig. 2). This selenosulfide
compound (III) is detected by high performance
liquid chromatography. A similar substance—
S-(acetophenylselenyl)glutathione—is formed by the
interaction of reduced glutathione and DAPS-25.

It is possible that DAPS-25 interacts with cysteine
residues in aquaporins and potassium channels,
increasing the water permeability of corn root cell
membranes (Fig. 3a).

The outflow of electrolytes from plant cells
and their plasmolysis upon the addition of

90%

N—
220 m
m‘_J\F

250 nm

280 nMm

300 nm

1" 12 13 14 15 16 17 18 19 min

Fig. 2. Chromatogram of a reaction mixture obtained in DAPS-25 and cysteine interaction (molar ratio 1:1, pH 7.0).
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tolylfluanid (IV) additionally indicates the general
mechanism of action of both substances in the
modification of ion channels (Fig. 3b).

Influence of DAPS-25 and tolylfluanid
on the content and fractions of proteins in corn plants

With the loss of electrolytes and dehydration of
the body, an increase in the concentration of proteins
and, first of all, albumins is observed [32]. It is known

1y
2

(0]

Lo
A

<

that the total protein of plants includes albumins
and prolamins—mainly low molecular weight, water-
soluble and alcohol-soluble proteins, as well as
globulins—proteins soluble in salt solutions. The last
group of so-called storage high-molecular proteins
are alkali-soluble proteins—glutelins.

The outflow of electrolytes from the cells of corn
plants causes their dehydration and increases the
concentration of proteins in them (Fig. 4).

Fig. 3. Interaction of DAPS-25 (a) and tolylfluanide (b) with sulfhydryl groups in ionic channels of maize cells.
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Fig. 4. Effect of DAPS-25, cysteine, and their mixture on
quantitative composition of protein fractions in roots (a)
and sprouts (b) of maize seedlings (Krasnodarsky 291 AMYV).

DAPS-25 increased the content of albumins in
the aerial part by 4.5 times, globulins by 3.5 times,
prolamins and glutelins by 1.5 times, and total
protein by 3.5 times. Apparently, DAPS-25 causes
dehydration of corn root cells due to the loss
of electrolytes, which leads to an increase in
the concentration of proteins. In another experiment,
with tolylfluanid and DAPS-25, there was also an
increase in the albumin fraction and the concentration
of total protein in the roots and aerial parts of
corn seedlings (Fig. 5).

As in the previous study, the content of albumin
in the roots in the variant with DAPS-25 increased
by 2.4 times, with tolylfluanid by 2 times. In the
aerial part, the content of albumins changed less
significantly: in the variant with DAPS-25 it increased
by 6%, with tolylfluanid by 1.4 times. The concentration
of other protein fractions changes less significantly.

Thus, in the variants with thiol poisons—DAPS-25
and tolylfluanid—the content of the albumin fraction
and total protein increased both in the roots and in
the above-ground mass of plants, which indicates
their dehydration.
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Fig. 5. Effect of DAPS-25 and tolylfluanide
on quantitative composition of protein fractions in roots (a)
and sprouts (b) of maize seedlings (Utrennyaya Pesnya).

The antidote of thiol poisons is the amino
acid L-cysteine, which contains a sulthydryl group.
The addition of L-cysteine to a Knop’s solution
containing DAPS-25 showed that the content
of the albumin fraction and total protein in corn
plants differed from the control by no more than
10-20%. L-cysteine leveled the effect of DAPS-25
(Fig. 5), i.e., was its antidote.

Effect of DAPS-25 and tolylfluanid
on peroxidase activity in corn plants

An increase in the protein content in plant tissues
due to the loss of electrolytes under the influence
of thiol poisons should also lead to a higher enzyme
protein content, and, as a result, an increase in
their activity. DAPS-25 had a significant effect on
peroxidase activity in both roots and seedlings of corn
(Figs. 6a and 6b).

DAPS-25 sharply stimulated the activity of
the enzyme in almost all concentrations. The most
significant increase in peroxidase activity was observed
on the first day under the action of the highest
concentration of DAPS-25, 0.025 mg Se/L (63%
in the roots and 112% in the aerial part), a less
significant increase was observed at a concentration
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of 0.0025 mg Se/L (29% in the roots and 57% in the
aerial part). At the conclusion of the experiment,
DAPS-25 at a concentration of 0.00025 mg Se/L had
a stimulating effect on peroxidase activity in the
variant with roots, 29% (Fig. 7a), but a weakly
inhibitory effect in seedlings, 8.6% (Fig. 7b). In the control,
during the experiment, peroxidase activity in seedlings
changed little, but slightly increased in the roots.

Similarly to the other maize variety, an increase
in peroxidase activity in the variant with DAPS-25
was noted as compared to the control (Figs. 7c and 7d).
In corn roots, peroxidase activity in the variant
with tolylfluanid is 73% higher, while with DAPS-25,
it is 36% higher than the control. In the aerial part
variant at the beginning of the experiment, peroxidase
activity is higher with tolylfluanid by 60%, while
at the end of the experiment in the variant with
DAPS-25 it is 95% higher. Thus, tolylfluanid, having
a similar mechanism of action to that of DAPS-25,
increases the activity of peroxidase.

It is known that thiol-dependent redox
mechanisms can modulate the activity of the
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adenosine triphosphate-dependent K* channel in
the pancreatic beta cell [33]. Oxidation of
sulthydryl groups with mercury-containing thimerosal and
2,2’-dithio-bis-(5-nitropyridine) (DTBNP) at micromolar
concentrations causes rapid blocking of the channel,
which is reversible by thiols, dithiothreitol and
cysteine. Moreover, an excess of thiols restores the
functioning of aquaporins blocked by ions of mercury,
silver, and other heavy metals [26-28]. Apparently,
DAPS-25, interacting with  sulthydryl groups,
blocks ion channels, leading to the outflow of
electrolytes from the cell (Tables 2 and 4) and
consequent increase in  protein  concentration
(Figs. 5 and 6) and activity peroxidase (Fig. 7).
Accordingly, an excess of L-cysteine should restore
the functioning of ion channels to prevent the
outflow of electrolytes from the cell, reducing the
concentration of proteins almost to control values
along with the peroxidase activity.

In our study, the amino acid L-cysteine reduces
the activity of peroxidase both in the roots and
in the aerial parts of corn (Figs. 7a and 7b).
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Fig. 6. Effect of DAPS-25 on peroxidase activity in roots (a) and sprouts (b) on maize seedlings (Krasnodarsky 291 AMYV).
1 — Control; 2 — 0.025 mg Se/L; 3 — 0.0025 mg Se/L; 4 — 0.00025 mg Se/L. Effect of DAPS-24 and tolylfluanides
on peroxidase activity in roots (c) and sprouts (d) of maize seedlings (Utrennyaya Pesnya). 1 — Control;
2 — DAPS-25 (0.025 mg Se/L); 3 — tolylfluanide. The ordinate is the change in optical density (£ );
the abscissa axis is the processing time, starting from 3 days from the moment of the beginning of the corn germination.
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Fig. 7. Changes in peroxidase activity in roots (a) and
sprouts (b) of maize seedlings treated with DAPS-25 and
L-cysteine. The ordinate is the change in optical density (£,,);
the abscissa axis is the processing time, starting from
3 days from the moment of the beginning of the corn germination.
1 — Control; 2 — 0.1% L-cysteine; 3 —0.025 mg Se/L DAPS-25;
4 —0.025 mg Se/L DAPS-25 + 0.1% L-cysteine.

In this experiment, peroxidase showed the
highest activity on the first day in the variant
with DAPS-25 at a concentration of 0.025 mg Se/L;
this was true both of the roots and the aerial parts
(exceeding the control by 69% and 129%, respectively).
In a mixture of DAPS-25 (0.025 mg Se/L) with
L-cysteine (0.1%), there was a significant decrease
in peroxidase activity to 42% and 79% in comparison
with the variant where only DAPS-25 was added.
A decrease in peroxidase activity indicates a decrease
in the blocking effect of DAPS-25 on ion channels
in maize plant cells to reduce electrolyte outflow
and lower protein concentration, including the
peroxidase enzyme.

A similar, but much weaker effect on the
increase in peroxidase activity is exerted by an
inorganic salt of selenium, sodium selenite, in the
roots (Fig. 8a) and aboveground parts of corn plants
(Fig. 8b), which also interacts with sulthydryl groups
like DAPS-25 to form selenodisulfides [34].

In general, starting from the highest (0.025 mg Se/L)
and low concentrations (0.00025 mg Se/L), all
concentrations of sodium selenite slightly stimulated
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Fig. 8. Effect of sodium selenite Na,SeO, on peroxidase
activity in roots (a) and sprouts (b) of maize seedlings.
The ordinate is the change in optical density (£ );
the abscissa axis is the processing time, starting from
3 days from the moment of the beginning of the corn
germination. 1 — Control; 2 — 0.025 mg Se/L;
3-0.0025 mg Se/L; 4 — 0.00025 mg Se/L.

peroxidase activity in the roots; this effect was
closer towards the end of the experiment and
somewhat stronger in the aerial part of corn seedlings.
It is likely that the relatively weak stimulation of
peroxidase activity is associated with the difficulty
of transporting the negatively charged selenite ion
into the cell interior. For example, thimerosal, which
is poorly permeable to membranes, inhibits channel
activity only when applied to the intracellular
surface of the plasma membrane. On the contrary,
DTBNP, which is a lipophilic substance, causes
potassium channel blocking and, as a result,
membrane potential depolarization even when applied
extracellularly [35].

In the experiment with the amino acid
L-selenocystin, which also interacts with sulfhydryl
groups, peroxidase-like activity was increased by
8.8-30.3% both in the roots and in the aerial part
of the plant throughout the entire experiment (Fig. 9.).

The lowest concentration of L-selenocystin
(0.00025 mg Se/L) weakly stimulates peroxidase
activity in the roots and aerial parts of corn seedlings.
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Fig. 9. Effect of L-selenocystine (Sec) on peroxidase
activity in roots (a) and sprouts (b) of maize seedlings.
The ordinate is the change in optical density (£, );
the abscissa axis is the processing time, starting from
3 days from the moment of the beginning of the corn germination.
1 — Control; 2 — 0.025 mg Se/L;

3-0.0025 mg Se/L; 4 — 0.00025 mg Se/L.

A more significant increase in peroxidase activity
is observed under the action of an average concentration
(0.0025 mg Se/L) and to a lesser extent under the
action of a high concentration (0.025 mg Se/L) in the
aerial part of corn seedlings.

The data obtained demonstrate a similar
relationship between the increase in peroxidase activity
in selenite- and L-selenocystin-treated corn seedlings.
Evidently, the amino acid L-selenocystin enters the
cell more easily due to being a less polar compound
than selenite; by interacting with the sulthydryl
groups of the cell, it causes a stronger induction of
peroxidase activity compared to the inorganic selenium
salt.

The total selenium content in the roots of corn
seedlings also depends on the presence of thiols in
the solution. It is maximum in the variant with
DAPS-25 and significantly lower in the variant of
combined use of DAPS-25 and L-cysteine (Table 5).

A decrease in the total selenium content
indicates a decrease in the intake of DAPS-25 into the
plant due to the presence of exogenous sulfhydryl
groups of L-cysteine in solution, but not in the tissues
of the roots of corn seedlings, which also confirms
the effect of the sulfur-containing amino acid as an
antidote for thiol poisons.

CONCLUSIONS

The conducted studies showed that the thiol-
dependent redox mechanisms of action of DAPS-25
and the organic thiol poison tolylfluanid increase
the water permeability of corn root cell membranes,
which leads to electrolyte leakage. The action of thiol
poisons leads to plasmolysis of maize plant cells and
an increase in the concentration of proteins, primarily
albumins. An increase in the content of proteins in
plant biomass leads to an increase in the concentration
of the enzyme and consequent increase in peroxidase
activity. The addition of a thiol, L-cystine, to a
solution containing DAPS-25 leads to a decrease in
the concentration of proteins in plant biomass and a
decrease in peroxidase activity. While sodium selenite
and L-selenocystin interact with sulfhydryl groups of
peroxidase cells to increase peroxidase activity in a
similar manner to lipophilic DAPS-25 and tolylfluanid,
the effect is much weaker.
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Table 5. Selenium content in roots and sprouts of maize seedlings (ug/kg of dry weight)

Plant oart Control DAPS-25 DAPS-25

ant par ontro 0.025 mg Se/L 0.025 mg Se/L + cysteine, 0.1%
Roots 40+3a 19300 £ 428 ¢ 4853 £ 167 ¢
Sprouts 53+4b 5099 +278 d 4812+ 135e
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Abstract

Objectives. To synthesize phosphorus-containing oligoestermethacrylates spatially separated
by spacers of aliphatic or aromatic structure and evaluate their effect on photocuring kinetics.
Methods. For determining the qualitative and quantitative composition of the synthesized
compounds, the following methods were used: thin layer chromatography; chromatographic and
mass spectrometry; infrared spectroscopy; 'H, 3C, 3'P nuclear magnetic resonance spectroscopy;
differential scanning calorimetry. The dielectric loss tangent was determined on a specially
designed optical cell with an ultraviolet (UV) light source to an immittance meter. Elemental
analysis was performed on an energy dispersive X-ray fluorescence spectrometer.

Results. Spatially separated oligoestermethacrylates based on phosphorus trichloride containing
aliphatic or aromatic spacers in the structure were synthesized. During the interaction of glycidyl
methacrylate with phosphorus trichloride in the mass of the latter, reaction products were shown
to be formed both according to the Krasusky rule from the side of the a-carbon atom, as well as
against this rule with the formation of isomeric products. Obtaining these compounds in bulk
is possible only in the presence of a homopolymerization inhibitor. The influence of the spacer

!'This paper is an updated and translated from Russian version of the original article in Russian published in Izvestiya VolgGTU,
2020. Original Russian Text © Buravov B.A., Bochkarev E.S., Al-Khamzawi A., Sidorenko N.V., Tuzhikov O.0O., Tuzhikov O.I.
Study of the influence of spacer on features of UV curing of photosphorose-containing metacrylates of various functionality.
Izvestiya VolgGTU. 2020;12(247):136-143. https://doi.org/10.35211/1990-5297-2020-12-247-136-143

© B.A. Buravov, A. Al-Khamzawi, E.S. Bochkarev, N.Kh. Grichishkina, S.V. Borisov, N.V. Sidorenko,
O.1. Tuzhikov, O.0. Tuzhikov, 2022
410


mailto:byravov@ya.ru
https://doi.org/10.32362/2410-6593-2022-17-5-410-426

Boris A. Buravov, Ali Al-Khamzawi, Eugene S. Bochkarev, et al.

structure on the curing rate of oligoestermethacrylates under the action of UV radiation has been
established. It has been shown that the introduction of a spacer into the oligomer structure is
accompanied by an increase in the induction period by a factor of 39 compared to a sample
without a spacer.

Conclusions. The results obtained indicate the possibility of obtaining new oligoester-
methacrylates with aliphatic and aromatic spacers in the structure. The influence of the structure
of the spacer on the kinetics of photocuring is determined.

Keywords: synthesis, oligoestermethacrylates, polymerization, phosphorus-containing flame
retardants, kinetics, photocuring, DSC
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AnHOmauus

Ienu. Cuxmes ¢ocghopcodeprKauux OaAU20IPUPMEMAKPULAMOE, NPOCMPAHCMEEHHO-
pasdeneHHblX cneticepamu anugamuueckozo Uil ApoMaAmuUUeckozo CmpoeHust, U OUeHKA UX
BAUSIHUSL HO KUHEeMuKy gpomoomeeprkKoeHusl.

Memoowt. /lns onpedesieHus KauecmeeHH020 U KOAUUeCMB8EHHO020 COCMA8A CUHMEIUPOSAH-
HblX cOeOUHEeHUT UCNONb308AHbL: MOHKOCAOUHASL XPOMAMOPAPUSL; XPOMAMO-MACC-CNEKMPO-
Mmempus; uHgpakpacHas cnexkmpockonus;, 'H, 1°C, 3P cnekmpockonus si0epHo20 MagHUM-
HO020 pe3oHaHca; OuggepeHyuarbHas cKarupyrowas kanopumempus. TaHzeHc Ousnek-
mpuueckux nomepsb onpeodessiiu HA CneyuansbHo paspabomaHHoll onmuueckoil suelike ¢
Y®d-ucmouHurKom ceema K usmepumento UMMUMaHca. SaemeHmHblii aHaAUu3 npog8oounu HA
9HEepP200UCNEePCUOHHOM PEHM2EHOPAYOPECUEHMHOM cneKkmpomempe.

Pesynemameot. CuHmesuposaHsvl NPOCMPAHCMBEHHO pa30eseHHble 0NAU209PUPMEeMAKPUNA-
moulL Ha OCHO8e mpuxsopuoda ¢pocgpopa, codeprkawue 8 cmpyKkmype anugamuueckuili uau
apomamuueckuil cneticepsl. YemaHo8eHO, Umo npu 83aumooeiicmeull 2AUyUoUIMEeMaKpu-
aama ¢ mpuxaopuoom cpocgopa 8 macce nocsieoHezo, obpasyromcest npooykmoul peaKyu
Kax no npasuny Kpacyckozo co cmopoHbl a-y2nepooH020 amoma, mak U npomug npasuia ¢
obpazogaHuem uzomepHsolx npooyxmos. Ilonyuerue 0aHHbLX cOeOUHEeHUll 8 Macce 803MOIK-
HO MOJbKO 8 npucymcmeuu uHaubumopa 20MONOAUMEePU3AUUU. YCMAHO8AEHO BAUSHUE
cmpykmypslL cnelicepa HA CKOpOCMb omeepiKOeHUsl Oauz03gupmemaxpuriamog nood oeti-
cmeuem YD-usnyueHus. ITokazaHo, umo egedeHue chelicepa 8 cmpykmypy osuzomepa co-
npoegoxcoaemecst ygeauueHuem uHOYKYUoOHHo20 nepuoda 8 39 pas no cpasHeHuto ¢ 0bpasyom,
He codepokawum cneticepa.
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Bsieoowut. ﬂocmuzuymbLe pe3ysiemamol ceudemeﬂbcmeyrom 0 803MOKHOCMU noJjsyueHust
HO8blX OJluzoscpupmemaKpquamoe co cneacepamu aJlucpamuuec;coeo u apomamuuvecrKozo
cmpoeHust 8 cmpyKkmype. YcmaHoeneHo sanusHue cmpoeHust cneﬁcepa HAa KUHemuwry d?OmO-

omeeprKOeHUsL.
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INTRODUCTION

To solve the problem of combustibility of
composite materials based on oligomeric binders,
fire retardants of various nature are added to them.
Some of these do not react with the main polymer
during processing and operation, while others act
as a reactive additive, for example, integrating into
the structure of the cured binder [1, 2]. However,
it should be noted that it is not always possible to
balance the set of required performance characteristics
necessary to obtain desired final products. For example,
some flame retardants are able to transfer materials
to the class of low combustibility, while worsening
the physical-mechanical, dielectric, technological
and operational properties [3]. The production of
polymeric binders that reduce flammability while
simultaneously improving physical and mechanical
properties solves a number of the above problems,
which are related, among other things, to the
thermodynamic incompatibility of the binder and
flame retardant.

In order to ensure the required level of
properties in terms of resistance to combustion,
phosphorus-containing  polymeric  materials and
fillers based on organophosphorus, organophosphorus-
element compounds are widely used. A promising

method involves the synthesis and wuse of
reactive  compounds  containing  fragments of
different sizes and structures (spacers) between

reactive centers in a single molecule. However,
the works describing such methods either present
spacers that are located in the side chain of the resulting

polymer, or compounds having different spacer
structures as co-reagents in the preparation of the cured
material [4—6].

From our point of view, a more promising
approach sets out to obtain bi, tri-, and tetra-functional
compounds of the (meth)acrylate series in which
the spacer is located between the functional
polymerizable centers. For obtaining compounds
with spacers, three reagents of different functionalities
can be used. As a result of their sequential
interaction, it is possible to obtain an oligomeric
structure (Scheme 1).

Scheme 1. Structure of oligoestermethacrylate
with spacers of various structures;
A'is a spacer of different structure and molecular weight.

Subsequently, in the process of polymerization
at double bonds, the structures of a rigid-chain
polymer are formed, in the mass of which there is a
movable or limitedly movable spacer.

It is known that chemically bound phosphorus
in the structure of (meth)acrylate compounds makes
it possible to obtain polymers with reduced
flammability. For example, the use of phosphorus-
containing monomers and oligomers of the (meth)
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acrylate series [7, 8] or phosphorus-containing epoxy
resins [9] makes it possible to obtain materials with
a satisfactory balance of physico-mechanical and
heat-resistant properties with reduced flammability.

EXPERIMENTAL

For the synthesis of phosphorus-containing
compounds capable of polymerization under the
action of ultraviolet (UV) radiation, we used freshly
distilled phosphorus trichloride (98%, analytical
grade, TU  2152-380-0763441-2002),  glycidyl
methacrylate (GMA) (no less than 97%, purity,
analytical grade, Sigma-Aldrich, USA), active
diluent for epoxy resins grade E-181 (mass fraction
of epoxy groups >25%, Chimex Limited, Russia,
TU 2225-606-11131395-2003) and epoxy resin grade
ED-20 (mass fraction of epoxy groups, 20.0-22.5%,
Chimex Limited, GOST 10587-84?). Prior to synthesis,
the exact content of epoxy groups in epoxy resins
was analytically determined. To obtain the polymers,
a photoinitiator comprising bis(2,4,6-trimethylbenzoyl)-
phenylphosphine oxide (BAPhO) (no more than
100%, chemically pure, Sigma-Aldrich, USA) was
used. For thin layer chromatography (TLC), benzene
(99.8%, chemically pure, Ekos-1, Russia) and freshly
distilled ethanol (96.3%, Ferein, Russia) were used
as the eluent.

Chromatographic and mass spectrometry were
carried out on a GC/MS Saturn 2100T instrument
(Varian, USA) with a VF-Ims quartz capillary
column (100% methylpolysiloxane, 30 M x 0.25
mm, ID = 0.25 mm, DF = 0.25 pum, helium was used
as a carrier gas) using a prepared 0.2% solution of
the substance in acetone (99.8%, chemically pure,
Ekos-1, Russia). Nuclear magnetic resonance (NMR)
'H, BC, and *'P spectroscopy was performed on a

Mercury 300 plus instrument (Varian, USA)
with operating frequencies of 300, 75, and
121 MHz, respectively;  here, CDCI,  was

used as a solvent. Chemical shifts are given on a scale
of & (ppm) relative to tetramethylsilane (TMS) as an
internal standard. Spin-spin coupling constants (J)
are given in Hz. Differential scanning calorimetry
(DSC) was performed on a NETZSCH DSC 204 F1
instrument with a compressor cooling system and
an OmniCure S2000 UV irradiation unit in an
inert gas flow (argon, 90 mL/min) (Netzsch,
Germany). The sample was placed in a standard
open aluminum crucible. Controlled irradiation
was carried out according to a temperature program

2 GOST 10587-84. USSR State Standard. Uncured
epoxy resins. Specifications. Moscow: Izd. Standartov; 1989.

(20°C, 4 min) comprising two identical isothermal
segments using the full spectrum of the radiation
source (power 1 W/cm?). The resulting curve was
obtained by subtracting the second segment from
the first in the NETZSCH Proteus software
environment>. To determine the dielectric loss
tangent, we used a specially designed optical cell
with a UV light source connected to an E7-25
immittance meter (MNIPI, Belarus). Infrared (IR)
spectra were recorded on an FT-801 spectrometer
(SIMEX, Russia). Elemental analysis was performed
on an EDX-8000 energy dispersive X-ray fluorescence
spectrometer (Shimadzu, Japan).

For the study, several phosphorus-containing
polymerizable compounds (PPC) were synthesized:

— (PPC-1) is the reactive monomer without spacer;

— (PPC-2) is the spacer is introduced with E-181 epoxy
resin;

— (PPC-3) is the spacer is inserted with epoxy
resin ED-20.

The  synthesis  of  phosphorus-containing
polymerizable compounds was carried out in two
stages. At the first stage, the reaction was carried out
in a molar ratio of 1:2 according to the scheme:

PCL +2A — (A"),-PCl,

where A is one of unsaturated alpha oxides; A’ is the
structure of addition of unsaturated alpha oxides. At the
second stage, the interaction of the bifunctional epoxide
with residual chlorine in a ratio of 2:1 was carried out,
leading to the preparation of a compound with a spacer,
according to the scheme:

2(A"),-PCl + B — (A"),-P-B-P-(A"),,

where B is one of diepoxy oligomers, B’ is the structure
formed as a result of addition of diepoxy oligomers.

As an object of comparison, a PPC-1 product
was synthesized that did not contain a spacer. The
reaction was carried out in excess of PCI, in one stage
in a ratio of 1:3 with GMA (Scheme 2).

The synthesis of substances with spacers
was carried out in two stages. At the first stage, a
disubstituted intermediate was obtained (Scheme 3).

At the second stage, the disubstituted intermediate
was added to epoxy resins (epoxy resin E-181 was
used for PPC-2, ED-20 was used for PPC-3), the
reactions were carried out in bulk (Schemes 4 and 5).

3 https://analyzing-testing.netzsch.com/ru/pribory-
resheniya/differenczialnaya-skaniruyushhaya-kalorimetriya-
dsk-differenczialnyj-termicheskij-analiz-dta/dsc-204-f1-
phoenix, accessed April 15, 2022.
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Scheme 2. Reaction of glycidyl methacrylate with phosphorus trichloride to produce the PPC-1 product.
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Scheme 3. Reaction of phosphorus trichloride with glycidyl methacrylate to produce an intermediate.
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Scheme 4. Reaction of the intermediate with epoxy resin E-181 to obtain the product PPC-2.

The composition and structure of the synthesized
products were confirmed by IR and NMR spectral
studies.

PPC-1, PPC-2, and PPC-3 products were used
to prepare photocurable compositions in order to
evaluate the effect of the spacer on the properties
of the cured material.

PPC-1. Tris-[(1-chloromethyl-2-methacryloxy)-
ethoxy|phosphine (RF Pat. No. 2697721 [10])

A four-necked reactor equipped with a stirrer, a
dropping funnel, a reflux condenser, and a thermometer,

which had been preliminarily purged with dry argon
for 30 min (purging with argon was subsequently
carried out throughout the entire process), was
loaded with 5 g (0.036 mol) of phosphorus trichloride.
A mixture of 1549 g (0.11 mol) of glycidyl
methacrylate (GMA) and 0.155 g (1 wt % of the mass
of GMA) N-nitrosodiphenylamine was fed to it with
constant stirring through a dropping funnel at such
a rate that the temperature of the reaction mass did
not exceed 15°C, the reactor cooled with a mixture
of salt and ice. After the addition of the mixture, the
resulting reaction mass was kept for 2 h at 45°C. Then,
following evacuation for 60 min at a residual pressure
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Scheme 5. Reaction of the intermediate with the epoxy resin ED-20 to obtain the product PPC-3.

of 5 mm Hg, the reaction mass was filtered on
a Schott filter from the precipitated crystalline
N-nitrosodiphenylamine. The yield of PPC-1 was
20.49 g (99.0%).

The product is a mobile liquid of light-yellow color,
readily soluble in acetone and chloroform. Analysis
for the content of epoxy groups showed their
almost complete absence. Epoxy value (E.V.) = 0.066%,

n® =1.4935; acid number (A.N.) = 11.58 mg KOH/g;
bromine number (B.N.) = 85.3 g/100 g of organic
substance.

The identification of the obtained product was
carried out using NMR spectroscopy:

'H NMR spectrum (300 MHz, CDCL,) &, ppm:
1.85 (s, 9H), 3.51 (m, 6H), 3.72 (m, 6 H), 4.20 (m, 6 H),
4.42 (m, 6 H), 5.55 (s, 6 H), 6.6 (s, 6 H), 4.62 (m, 3 H)
(d,J=1.7Hz, 1 H).

PC NMR spectrum (75 MHz, CDCI,, TMC) 6, ppm:
17.9 (3C); 41.5; 62.4; 69.9; 124.3; 134.5; 164.5.

*'P NMR spectrum (121 MHz, CDCl,) 6, ppm:
140.54 P(OR),.

In order to determine the elemental composition,
a sample of the test material was placed in a
cuvette for measuring liquid samples equipped with
a thin film window. The material of the cuvette
bottom was polypropylene; the medium was
vacuum. The study was conducted according to the
standard procedure for the energy dispersive X-ray
fluorescence  spectrometer EDX-8000. Detection
limits of P and Cl ~10 ppm. Found (%): P 6.14;
Cl 18.44. Calculated (%): P 5.49; C1 18.86.

PPC-2. ((((4-((1-(2-((bis((1-chloro-3-
(methacryloyloxy)propan-2-yl)oxy)phosphine)oxy)-
3-chlorophenoxy)-3-chloropropan-2-yl)oxy)-
1-chlorobutan-2-yl)oxy)phosphindiyl)bis(oxy))-
bis(3-chloropropan-2,1-diyl)bis(2-methacrylate)
(RF Pat. No. 2712107 [11])

A four-necked reactor equipped with a stirrer,
a dropping funnel, a reflux condenser, and a
thermometer, preliminarily purged with dry argon
for 30 min (purging with argon was subsequently
carried out throughout the entire process), was loaded
with 5 g (0.036 mol) of phosphorus trichloride.
A mixture of 10.33 g (0.073 mol) of HMA and 0.1 g
(1 wt % of the mass of HMA) N-nitrosodiphenylamine
was added to it, with constant stirring, from a
dropping funnel at such a rate that the temperature
of the reaction mass did not exceed 15°C, the reactor
was cooled a mixture of salt and ice. After the mixture
was added, the resulting reaction mass was kept for
2 h at 45°C. Then, the resulting intermediate was
loaded into a dropping funnel and dosed into another
four-necked reactor equipped with a stirrer, a
thermometer, and a reflux condenser with E-181
diepoxide in the amount of 5.73 g (0.033 mol, based
on the actual amount of epoxy groups). Upon
completion of the addition of the mixture, the
resulting reaction mass was kept for 2 h at 45°C.

The reaction mass was additionally evacuated
for 60 min at a residual pressure of 5 mm Hg
and filtered on a Schott filter from the precipitated
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crystalline N-nitrosodiphenylamine. The yield of PPC-2
was 21.06 g (99.0%).

The product is a mobile liquid of light-yellow
color, readily soluble in acetone and chloroform.
Analysis for the content of epoxy groups showed
their almost complete absence. E.V. = 0.04%;
n® =14951; AN. = 12.19 mg KOH/g; BN.=72.6 ¢/100 g
of organic substance.

The product obtained was identified by NMR
spectroscopy:

'H NMR spectrum (300 MHz, CDCl,) 8, ppm:
1.66, 3.63, 3.65, 4.42 (17 CH,), 3.48, 3.53, 3.86, 4.13
(7 CH), 2.01 (4 CH,), 6.40, 6.48 (8 H).

C NMR spectrum (75 MHz, CDCI,, TMC) 3, ppm:
43.7, 46.9, 47, 50.7 (7 CH,)), 167.2 (4 C); 70.6, 71.6,
67.2, 86.2 (7 CH); 62.7, 67.9, 74.8, 73.4 (7 CH,), 136
(4 C),34.3,125.2 (6 CH,), 17.9 (4 CH,).

P NMR spectrum (121 MHz, CDCl,) &, ppm:
141 P(OR),.

Found (%): P 5.02; Cl 22.41. Calculated (%):
P 5.74; C122.98.

PPC-3. ((((((((((2-hydroxypropane-1,3-diyl)-
bis(oxy))bis(4,1-phenylene))bis(propan-2,2-diyl))-
bis(4.1-phenylene))bis(hydroxy))-
bis(1-chloropropane-3,2-diyl))bis(oxy))-
bis(phosphintriyl))tetrakis(oxy))tetrakis-
(3-chloropropane-2,1-diyl)tetrakis(2-methyl acrylate)
(RF Pat. No. 2712116 [12])

A four-necked reactor equipped with a stirrer,
a dropping funnel, a reflux condenser, and a
thermometer, which had been preliminarily purged
with dry argon for 30 min (purging with argon
was subsequently carried out throughout the entire
process), was loaded with 5 g (0.036 mol) of
phosphorus trichloride. With constant stirring, a
mixture of 10.33 g (0.073 mol) of HMA and 0.1 g
(1 wt % of the mass of HMA) N-nitrosodiphenylamine
was added from a dropping funnel at a rate such
that the temperature of the reaction mixture did
not exceed 15°C; the reactor was cooled with a
mixture of salt and ice. After the mixture was
added, the resulting reaction mass was kept for 2 h
at 45°C. Then, the resulting intermediate product
was loaded into a dropping funnel and dosed into
another four-necked reactor equipped with a stirrer,
a thermometer, and a reflux condenser with ED-20
epoxy resin in the amount of 7.66 g (0.035 mol, based
on the actual amount of epoxy groups). Upon
completion of the addition of the mixture, the
reaction mixture was kept for 2 h at 45°C.

Before unloading the product, the reaction mass
was evacuated for 60 min at a residual pressure of
5 mm Hg, filtered on a Schott filter from the

precipitated crystalline N-nitrosodiphenylamine. The
yield of PPC-3 was 22.99 g (99.0%).

The product is a mobile liquid of light-yellow
color, readily soluble in acetone and chloroform.
Analysis carried out to identify the content of
epoxy groups revealed their almost complete absence.
E.V. = 0.09%; n# =1.5210; AN. = 13.46 mg KOH/g;
B.N. =74.62 g/100 g of organic substance.

The IR spectra of the synthesized compounds
PPC-1, PPC-2, PPC-3 contain characteristic
absorption bands of stretching vibrations of the C=0
(1720 cm™), C=C (1640 cm'), C-Hal (760-770 cm™).
There are no absorption bands corresponding to
vibrations of the epoxy cycle (860 and 910 cm™) and
P=0 (1280-1300 cm™). Chemical analysis for the
content of epoxy groups also showed their absence.

The product obtained was identified by NMR
spectroscopy:

'H NMR  spectrum (300 MHz, CDCl,) 8, ppm:
1.66, 3.63, 3.65, 4.09, 4.21, 4.42 (14 CH,); 4.04, 4.23,
4.13, 691, 7,19 (22 CH); 1.72, 2.01 (8 CH,), 6.40, 6.48
(8 H); 3.58 (OH).

PC NMR spectrum (75 MHz, CDCI,, TMC) 8, ppm:
46.9,47,67.9,70.1, 125.2 (7 CH,); 69, 70.6, 71.2, 86.2,
114.9, 127.7 (23 CH); 42.4, 136, 146.3, 156.9, 167.2
(18 C); 17.9, 30.9 (8 CH,).

*'P NMR spectrum (121 MHz, CDCI,) 6, ppm:
141 P(OR),.

Found (%): P 4.98; Cl 14.71. Calculated (%):
P 5.23;C117.97.

The obtained samples were studied by TLC
(GOST 28366-89%) with subsequent determination
of retention factor R, values according to
formula (1), sorbent: Sorbfil TLCP-AF-A plates
(SORBFIL, Russia), eluents—benzene and ethanol
in a ratio of 95:5, respectively. A chamber filled
with iodine vapor was used to detect substances.

R, =

! (1)

a
b b
where a is the distance from the center of the spot

to the starting line, mm; b is the distance from the
solvent front to the starting line, mm.

RESULTS AND DISCUSSION

While it was not possible to obtain any
monomeric products of the addition of GMA to
PCl, in the absence of an inhibitor of GMA
polymerization, whether in excess or in deficiency

*GOST 28366-89. Interstate Standard. Reagents. Method
of thin-layer chromatography. Moscow: Standartinform; 2008.

Toukue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2022;17(5):410-426

416



Boris A. Buravov, Ali Al-Khamzawi, Eugene S. Bochkarev, et al.

of phosphorus trichloride, the stabilizer (hydroquinone
monomethyl ether) contained in the original
monomer in the amount of 150 ppm did not prevent
the polymerization process, which led to crosslinking
of the product in the reactor.

Taking into account the data of [13—15], we used
N-nitrosodiphenylamine dissolved in the monomer
to prevent the polymerization of GMA in the reaction
with phosphorus trichloride. The resulting product,
according to the data of the authors of [16], can be a
mixture of isomers a, b, and ¢ (Fig. 1).

Characteristic peaks in the 'H NMR spectra of
PPC-1 were present in the following regions, ppm:
1.85 (s, 9H, (H,C-C=); 3.51 and 3.72 (m, 6H, ~CH,~Cl);
4.20 and 4.42 (m, 6 H, =CH-CH,-O-C(O)-); 5.55 and
6.6 (s, 6 H,-CH=CH,); 4,62 (m, 3H, >P-O-CH).

The 'C NMR spectra of PPC-1 contain the
following peaks: at 17.9 ppm-—assigned to the CH,
groups at the carbon atom at the double bond; at
41.5 ppm—assigned to the groups (-CH,-CI)
formed during the opening of the epoxy ring; at
62.4 ppm—referred to ester acrylate groups (-CH,~O-);
line at 69.9 ppm—assigned to groups (>CH-O-P<);
at 124.3 ppm—referred to the disubstituted carbon
atom groups at the double bond (-CH=CH,); at
134.5 ppm—referred to the trisubstituted carbon atom
of the double bond (-CH=CH,); at 164.5 ppm—referred
to the carbon of the ether group (—O—C(O)-).

The 3P NMR spectra of PPC-1 contain
characteristic peaks at 140.54 ppm assigned to the
P(OR), group; the absence of peaks at 3.3 ppm
characteristic of P=O groups also indicates the absence
of pentavalent phosphorus in the products.

The IR spectrum of PPC-1 contains characteristic
absorption bands in the range of C=0 (1720 cm™),

stretching vibrations. The bands at 1340 cm™' and
1500 cm™ are attributed to the vibrations of NO
groups and the aromatic ring of the stabilizer
N-nitrosodiphenylamine, respectively. The absorption
band in the region of 1160 cm™ is assigned to
bending vibrations of the C=0O group. The absence
of characteristic bands at 860 and 910 cm’!
corresponding to vibrations of the epoxy cycle
indicates their complete opening upon interaction
with phosphorus trichloride. The absence of epoxy
groups in the reaction product was also confirmed
by chemical analysis. The absence of bands in the
region of 1100-1200 cm™ characteristic of P=O groups
indicates that pentavalent phosphorus is not formed
during the synthesis of PPC-1.

The route of interaction is also confirmed by
a decrease in the acid number of the synthesized
products from 335.7 to 9.75 mg KOH/g and the
absence of epoxy groups in them (see above), which
is in agreement with the results of earlier studies [17].

Thus, the performed spectral studies confirm
the formation of products of addition of GMA
to phosphorus trichloride in the presence of
nitrosodiphenylamine at three chlorine atoms.

The R, value for PPC-1 was determined as the
ratio of the distance from the spot center to the start to
the distance from the mobile phase front to the start.
The following results were obtained: R, (A) = 0.124;
R.(B)=0.299; R.(C) = 0.39.

According to the results of TLC studies, the
PPC-1 product is characterized by three separating
spots, which were assigned to isomeric products
a, b, and ¢ (Fig. 1) formed during the synthesis of
PPC-1. This is confirmed by studies [16, 18], which
describe the possibility of forming compounds both

C=C (1640 cm'), and C-Hal (760-770 cm') according to the Krasusky rule and against this rule.
CH, CH, H,
H3C_C// Hsc_(// o I
\C=° —0 \C/ \CH3
J .
\CHZ \ cH,
d ! c/H
@/ NcH,

NN o
[ e
\

H,c” \C“z \in H,c” \CHZ

Fig. 1. Structures of PPC-1 isomers.
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Any violation of the Krasusky rule as a result of an
excess of PCl, can subsequently lead to the formation
of a mixture of products. The rule can be violated
under the influence of functional groups at the oxirane
ring [19]. In view of the above, the formation of
three spots during TLC studies is determined by the
presence of three compounds in the mixture: a product
in which the addition of the GMA oxirane ring
occurs only according to the Krasusky rule; only
against Krasusky rule; the simultaneous presence of
the attached GMA, both under the rule and against
the Krasusky rule. This can occur during the
interaction of phosphorus trichloride at different
depths of its transformation.

Chromatographic and mass spectral studies
have shown that PPC-1 isomers are capable of
producing several fragment ions (Figs. 2 and 3).

Along with the results of IR and NMR analyses
of the primary TLC data, chromatographic and
mass spectral studies confirmed that a mixture of
isomers was formed during the synthesis. Thus, the
obtained results confirm the formation of putative
PPC-1 isomeric compounds a, b, and ¢ (Fig. 1).

The synthesis of spatially separated bis-
[phosphorus-di-etheracrylates] ~ with ~ spacers  of
various structures was carried out using intermediate
products by partial replacement of chlorine atoms in
phosphorus trichloride with glycidyl methacrylate.
The resulting reaction mass was added to a
bifunctional epoxide, for example, E-181 or ED-20
taken in a ratio of 2:1, respectively. Under such
conditions, the diepoxide is inserted between two
phosphorus atoms along the chlorine atoms. The

basis for the conditions for the synthesis of
substances with spacers (PPC-2 and PPC-3) was
the experimental data obtained during the synthesis
of PPC-1.

The ultimate goal of the research was to
evaluate the effect of the spacer structure on the
properties of crosslinked polymeric materials,
which were determined by the structure of the
bifunctional epoxide. Products of total chlorine
substitution obtained by the interaction of phosphorus
trichloride with GMA in a ratio of 1:3 were used
as the basic object of comparison.

Figure 4 shows the IR spectra of GMA and end
products that do not contain (PPC-1) and contain
spacers (PPC-2, PPC-3). The insignificant difference
seen in the spectra of the presented data is associated
with the similar structure in the structure of the
compounds.

The oxirane ring in glycidyl methacrylate has
two transmission bands. The first band in the
middle range of deformation of the C-O bond
of the terminal oxirane group is centered at 906 cm™,
while the second band observed at 3052 cm™' is
related to the C—H vibration of the methylene group
of the epoxy ring. As well as being quite low, the
intensity of this band is also very close to the
transmission of the hydroxyl group; however, in
epoxy monomers possessing a low degree of
polymerization, it can be used to assess the qualitative
presence of epoxy groups [20]. Here, it can be seen
that a similar band is present in glycidyl methacrylate
and absent in samples PPC-1, PPC-2, and PPC-3.
The absence of vibrations of the C-O-C bonds

Q CH, miz: 161.04 (100.0%), 163.03 (32.0%), 162.04 (7.8%), 164.04 (2.5%)
N\, /7
c—C 0
o/ \CH I
3 C CH,
\ N N St
H,C—CH / CH, H2C\
\ cl
cl 0
/
0—pP
\
0 H,C—CH 0
N\ / /
/c—o CH, c\
HyC—C al CH—Cl \ o
\\CH HyC / H;C ﬂ CH CH
2 3 2 2
\ o N M M
H;C /o I |
c—C CH,
" C// \O miz: 177.03 (100.0%), 179.03 (32.0%), 178.04 (7.8%), 180.03 (2.5%)
2

Fig. 2. PPC-1b fragment ion formation scheme (3-chloropropyl methacrylate fragment
and 2-chloro-3-oxypropyl methacrylate fragment).

Toukue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2022;17(5):410-426

418



Boris A. Buravov, Ali Al-Khamzawi, Eugene S. Bochkarev, et al.

12.650 min

12.950 min

£

£
-
<
]
<
-

£

£
)
)
©
<
3

12.564 min

JUL

c
£ E
Mcounts % 3
° 5
5 PPC-1b
PPC-1a
£
1S
[+o]
4 ¢
=]
34 PPC-1c
2]
£
£ €
€ Qfl
11 0 S| E
N JE =
o)) [sp]
4)LJ Il
0 )
8 9

11

=
o

12 13 14 15 16
min

Fig. 3. Fragment of the chromatogram of a 0.2% solution of PPC-1 in acetone.

of the oxirane group in the region of 8§10-840 cm!
and —CH, in the region of 760-770 cm™ in the
samples indicates the complete opening of oxirane rings.

Phosphorus containing samples contain bands
corresponding to the carbonyl group >C=0O in the
region of 1719 cm™, >C=CH, in the region of
880-900 cm™', ether bond in the region of
1100-1200 ¢m™', C=C vibrations in the region of
1635 cm™!, P-OR in the region of 940-945 cm’,
R—CI in the region of 760-770 cm™'. The addition

of a spacer between two reaction centers binding
the phosphorus atoms is not accompanied by a
significant difference in the spectra of PPC-2 and
PPC-1. The band in the region of about 1500 cm™
in the IR spectrum of PPC-3 is assigned to vibrations
of the aromatic ring; the band in the region of about
3000 cm™ can be attributed to the hydroxyl group
contained in the structure of ED-20.

Synthesized products PPC-1, PPC-2, and PPC-3
were used to obtain photocurable compositions.

100 T ———

50 GMA 3052

50 PPC-1

50 PPC-2

Transmittance, %
]
3

|
50 PPC-3

c=C \
| (CH,-CH)O
>C=0 RCOOR'
c=Cc R-CI
P-OR
>C=0
RCOOR'
\
c=c ‘
>C=0 \ | Rra
RCOOR' P-OR
l
c=c ‘
>c=0 C-Carom. \ | R-CI

RCOOR' P-OR

3500 3000

2500
Wavenumber, cm™

2000 1500 1000

1

Fig. 4. IR spectra of PPC-1, PPC-2, PPC-3, and GMA products.
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Investigation of the processes
of curing synthesized compounds

The curing of the compositions with peroxide
initiators  (benzoyl peroxide, dicumyl peroxide)
did not lead to a positive result, which is probably
due to the presence of trivalent phosphorus in the
structure of the oligoether methacrylate, which
deactivates peroxides. In this regard, curing was
carried out under the action of UV radiation in the
presence of a photoinitiator.

Phenyl bis(2,4,6-trimethylbenzoyl)phosphine
oxide (BAPhO), which is effective in a wide
range of the UV spectrum with acceptable initiation
parameters, was chosen as the initiator of the
UV curing process, as recommended by a number
of authors [21-23].

Determination of the degree of completion
of the processes of photocuring of the
synthesized products was carried out using DSC.

The presented data (Fig. 5 and Table) demonstrates
the influence of the spacer on the thermal effects
of the photocuring process. Although the introduction
of an aliphatic spacer (PPC-2) has little effect
on both the maximum heat release and the time
taken to achieve it, an aromatic moiety (PPC-3) has
a greater effect on photocuring processes, increasing
the time taken to reach maximum heat release to
0.6 min, probably as a result of steric hindrances.

The introduction of a spacer with an increase
in the overall functionality of the resulting
compound reduces the number of polymerizable
groups due to the steric factor, which is also
accompanied by a decrease in the thermal effect
of photocuring. According to DSC data, the
contribution of one methacrylic group to the total
thermal effect of the gross curing process of the

synthesized products was estimated, which was
0.09376, 0.03113, 0.01822 J/(mol-eq) for PPC-1,
PPC-2, PPC-3, respectively. In the case of the
PPC-3 sample, which has a more massive rigid
spacer as compared to PPC-2, a lower density of
the spatial structure is formed. This is probably due
to the steric factor, which limits polymerization to a
greater extent to groups in the side chain.

This fact was substantiated in [24] when
calculating the quadratic critical conversion, whose
physical meaning is the necessity to carried out
at least two reactions of functional groups
sequentially in order to ensure the formation of
a crosslink. As a result of the first reaction, the
polyfunctional oligomer must be integrated into
the polymer chain and, therefore, suspended
functional groups X must appear. Due to the second
reaction of the interaction of the X group, the
crosslink itself is formed. The authors conclude
that the main reason for the deviation of the
experimental gel point from the calculated one
is the cyclization reaction, which limits the mobility
of the polymerizing units, ultimately leading to a
decrease in the thermal effect, which is also observed
in our case.

Of additional interest was the determination
of the degree of completion of the mass photocuring
processes. For this purpose, an E7-25 immittance
meter was used as part of a device with a
photocell equipped with LEDs with a total
luminous flux of 0.0172 mW/cm? and a wavelength
of 397 nm, which made it possible to evaluate the
change in the dielectric properties of the material
with time. The use of the developed measuring
system was based on the well-known fact [24]
that cured polymers have increased dielectric

DSC, mW/mg
20 exo!
PPC-2
15
%
2
10 7%
2
53>
25%
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[92355%
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0.0 1.0 12 _ .
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Fig. 5. Time dependences of thermal effects of photo-curing PPC-1, PPC-2, and PPC-3.
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Fig. 6. Integral dependences of thermal effects of photo-curing PPC-1, PPC-2, and PPC-3.

Table. Experimental data of the photo-curing process

Method Parameters PPC-1 PPC-2 PPC-3
0., mW/mg 16.36 15.99 14.43
O /g 158.5 147.8 93.4
DSC 0,.» J/mol 0.2813 0.1245 0.0729
0,.» J(mol-eq) 0.09376 0.03113 0.01822
Time at @, min 0.2 0.1 0.6
T 50 1650 150
Tyo 1100 2050 1430
DEA
a=Tt,-T, 1050 400 1280
l/a,s™ 9.52:10* 2.5-107 7.81-10*

Note: DEA is dielectric analysis. O is the maximum heat flow; Q_ is the sum heat effect; 1, , is the induction period;
T,, 18 90% process completion time; a is the time of the initiated photo-curing process; 1/a is the photo-curing process rate.

properties due to the limitation of molecular atoms located next to it [25]. In molecules with

mobility as a result of the formation of intermolecular
chemical bonds.

For oligomers, the inductive effect turned out
to be significant, the influence of which quickly
leveled off as the chain length increased, and the
reactivity of the group depended on the number of

spacers, steric hindrances become of great importance,
which determine the decrease in the reactivity of
side functional groups.

The obtained measurement results were processed
mathematically using the calculation method given
below according to formula (2) [26].
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B a max _Ca
R @

max min

where C, isthe current value of the cell dielectric property
index; C, and C, are the maximum and minimum
value of the dielectric property index of the cell.
The results are presented in Fig. 7.

The presented results indicate the effect of the
spacer in the synthesized compounds on the curing
process.

B 1.0

0.8 1

PPC-1 PPC-3 PPC-2

0.6 A
0.4 -

0.2 -

0.0 A
0 500 1000 1500 2000 2500

Time, s

Fig. 7. Conversion degree of the photo-curing process
PPC-1, PPC-2, and PPC-3 in the presence
of the photoinitiator BAPhO 0.5 wt %.

Phosphorus-containing oligoether methacrylates
cure relatively quickly without a spacer (PPC-1,
Fig. 7). The pronounced inflection of the change curve
of the dielectric properties of the studied oligomer
can be used to characterize the time interval for the
end of the gelation process, following which the rate
of change in the dielectric properties increases and
the polymerization process passes into the final
phase of formation of the -crosslinked polymer
structure. The dynamics of photocuring of oligoether
methacrylates with a spacer of different structure
differs significantly from the one under consideration,
including due to the absence of a pronounced gel
formation area. The formation of a cross-linked
PPC-2 polymer matrix proceeds with a significant
induction period, which can be explained by the
relatively higher mobility of ions not only of the
oligomer, but also of the forming linear polymer,
due to the presence of a flexible aliphatic space
in its hinged part.

CONCLUSIONS

The possibility of obtaining new oligoether
methacrylates with spacers in the chemical structure
based on phosphorus trichloride, glycidyl methacrylate,
and E-181 and ED-20 epoxy resins is confirmed.
It is shown that the process of addition of the oxirane
ring to phosphorus trichloride occurs both according
to the Krasusky rule from the side of the a-carbon
atom, and against this rule, with the formation of
isomeric products.

The influence of the structure of the spacer on
the rate of curing of oligomers under the action of UV
radiation is determined.

According to dielectric analysis, photocuring
in the bulk of oligoether methacrylates containing an
aliphatic spacer is accompanied by an increase in the
induction period of curing by a factor of 39, and an
aromatic spacer by a factor of 4 compared to a sample
without a spacer.

DSC studies established that the maximum
thermal effect of UV curing (158.5 J/g) has an
oligomer that does not contain a spacer. Meanwhile,
the introduction of aliphatic and aromatic spacers
leads to a decrease in the total thermal effect of the
curing process to 147.8 and 93.4 J/g, respectively.
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Abstract

Objectives. One of the most promising methods of treating malignant tumors is °B-neutron
capture therapy. While compounds based on cluster boron anions [B H |°~ (n = 10, 12) are often
used as boron-containing agents due to the very high specific concentration of boron atoms
per particle, the use of such compounds is associated with the need to develop new methods
for the functionalization of boron clusters associated with the production of boron-containing
derivatives containing biologically active functional groups. One of the most convenient methods
of modification of [B H [~ (n = 10, 12) anions is the interaction of their derivatives containing
cyclic oxonium-type substituents with negatively charged or neutral nucleophilic reagents. The
disclosure of substituents of this type leads to the formation of closo-borates with functional
groups separated from the cluster by an alkoxyl spacer chain. The purpose of this study is to
develop methods for the synthesis of derivatives of the closo-decaborate anion [B, H, - with
pendant nitrogen-containing groups.

© E.Yu. Matveev, S.S. Novikov, V.Ya. Levitskaya, A.I. Nichugovskiy, I.LE. Sokolov, K.Yu. Zhizhin,
N.T. Kuznetsov, 2022
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Methods. The general control of the reactions of the disclosure of cyclic substituents was carried
out on the basis of "' B nuclear magnetic resonance (NMR) spectroscopy data. The structure of the
obtained derivatives, including the nature of the attached functional groups, was determined using
IH, 13C attached proton test (APT) NMR and infrared (IR) spectroscopy data. The molecular weight
of the synthesized compounds was confirmed by electrospray ionization mass-spectrometry
(ESI-MS).

Results. The interaction of the anion [2-B, H,O(CH,),O]" with secondary amines (dimethylamine,
dipropylamine, diallylamine, dibutylamine, diisobutylamine, morpholine, di-sec-butylamine)
in an ethanol environment is investigated. As a result of the reactions, a cyclic substituent is
shown to expand with the addition of a nucleophilic reagent. Seven new derivatives of the closo-
decaborate anion with pendant nitrogen-containing groups have been synthesized.
Conclusions. A developed method for obtaining closo-decaborates with ammonium groups
separated from the boron cluster by an alkoxyl spacer group is presented. It is shown that the
use of amines of various structures does not fundamentally affect the course of the reactions,
allowing the composition and structure of the target derivatives to be effectively regulated. The
resulting compounds can be involved in further modification reactions due to a reactive pendant
group, as well as being suitable for use as effective polydentate ligands. Closo-decaborates
with pendant nitrogen-containing groups and their derivatives are of considerable interest in the
synthesis of compounds for use in 1°B-neutron capture therapy of malignant tumors.

Keywords: cluster boron anions, closo-decaborate anion, oxonium derivatives of closo-decaborate
anion, disclosure of cyclic substituent, secondary amines, °B-neutron capture therapy of
malignant tumors
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?HHemumym obwetli u HeopeaHuueckol xumuu um. H.C. KypHarosa Pocculickoli akademuu HayK,
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AHHOMAuust

Ienu. °B-nelimpoHo3axeamHas mepanust sieasemcst 00OHUM U3 Haubosiee nepcneKmugHblX
Memooog8 JleueHusl 3n0KauecmeeHHblx onyxonell. B kauecmee 6opcodeprkawux azeHmoa
HEpeoKo NPUMEHSIOMCSL COEOUHEHUsL HA OCHO8e KIACMEpHbIX aHuoHoeé 6opa [BHF~ (n = 10, 12)
KaK umerouwue OoueHb BblCOKYI YOenbHY KOHUEeHMpAayur amomog bopa & pacueme
Ha 00HYy uacmuyy. OOHAKO UCNONbL308AHUE MAKUX COeOUHEHUl C85130HO C Heobxooumo-
cmouio paspabomKu HO8bLX Memo008 (PYHKUUOHAAUIAUUU OOPHBbIX KAACMEpos, C8sI3GHHbLLX
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¢ noayueHuem 60pcooepIKauux NPouU38o0HbLX C bUOI02UUECKU AKMUBHBIMU (PYHKUUOHALHBLMU
gpynnamu. O0HuMm u3 Haubosee YyoobHbLX Mmemodog modugurayuu aHuoxos (B H P~ (n = 10, 12)
sensemest  g3aumooelicmaue UX NPOU3BOOHBLX, COOEPHAUUX YUKAUUecKUue 3amecmument
OKCOHUEB020 MUNA, C OMPUUAMETbHO 3aPSKEHHbIMU UMU HEUMPATbHbIMU HYKACOPUILHLIMU
peazenmamu. Packpvimue 3amecmumeneli 0aHHO20 muna hnpugooum K o06pa308aHUI0
K1030-60pamo8 ¢ (PYHKUUOHANIbHbIMU 2PYNNAMU, OMOENeHHbIMU OMm Kaacmepa AaKOKCUNTbHOU
cnelicepHoll yenourxoll. Llenbto Hacmosiugezo UCCIe008aHUSL S8slemest paspadomKa memooo8
CuHmesa npousgooHbLX K1030-0ekabopamHozo aHuoHa [B, H, - ¢ nenoaHmHbulmu asomcodeprrka-
wumu epynnamu.

Memooust. Ob6uull KOHMPOSL NPOMEKAHUSL PEAKUUT PACKPLLMUS. UWUKAUYECKUX 3amecmumenetl
ocywecmensiicss Ha 0CHO8aHUU 0aHHblx 1B cnekmpockonuu si0epH020 MAZHUMHO020 PEe30HAHCA
(SIMP). CmpoeHue noayueHHsblx NPouU38o0HbLX, 8 MOM UUC/e NPUPOOY NPUCOEOUHEHHBLX PYHKUU-
OHAIbHBLX 2pYynn onpedensiu Ha ocHogaHuu oaxHolx 'H, ¥C SIMP ¢ mecmom Ha npucoeOuHeHHble
npomoHul (APT) u uHgparxpacHoti cnekmpockonuu (MK). MonekynspHyo maccy cuHmesuposaH-
HbLX COe0UHEHUTL N00MeepIKOail MemoooMm MACC-CReKMPOMempPUl ¢ UOHU3AYUel 21eKmpopac-
newteruem (MOP-MC).

Pesynemamet. Hccnedosaro esaumooeticmeue axuoxa [2-B, H,O(CH,),O]" ¢ emopuuHbLmu
amMuHamu (OumemunamuH, OUNPONUNAMUH, OUANAUNLAMUH, OUOYMUNAMUH, OUUSOOYMUNAMUH,
MopgponuH, ou-emop-bymunamun) 8 cpede smaHona. IlokazaHo, umo e pesynbmame peaxyuii
npoucxooum packpbimue YuKauueckozo samecmumetsi ¢ npucoeduHeHuem HYKaeophuibHoz0 pe-
azernma. CuHmesupo8aHsblL CeMb HOBbLX NPOU3IBOOHBLX K/1030-0eKabopamHo20 AHUOHA ¢ NeHOAHM-
HbLMU A30MCO0EPAAULUMU 2PYNNAMU.

Buleoodst. Paspabomar HO8bLIL Memod NoaAYyUueHusl Ka1030-0exabopamog ¢ aMMOHUEEbLMU
2pynnamu, omoeseHHbIMU 0m 60pHO20 Kaacmepa AUKOKCUTbHOU chelicepHoll gpynnoiil. ITorxasaHo,
YUMo NPUMEHEHUE AMUHO8 PA3UUHO20 CMPOEHUSL NPUHUUNUATBLHO He Uslem HA X00 NPOMeKaouiux
pearxyuil u no3gosisiem 3hPeKmueHo pesyiupo8amsb COCMA8 U CMpoeHUE Ye1e8blX NPOU3E0OHDBLX.
IonyueHHble coeduHeHUst moeym bblmb goe/leueHbl 8 dabHelluue peakyui Moougurkayuu 3a
cuem peaKyuUoHHOCNOCOOHOU NeHOAHMHOU 2pynnel, a makxie mozym bblmb UCNONL308AHbL &
Pposu 3¢hheKmu8HbLX NOAUOEHMAMHBLX U2aH008. Kno3o-0exabopambl ¢ NeHOAHMHbLMU A30MCO-
deprKauumu epynnamu U Ux NPpou3gooHble NPeoCmasasiom 3HAUUMEAbHbLI uHmepec 8 CuHmese
coeduHeHUl, nepcneKxmugHblx 0151 npumeHeHus 8 °B-HelimpoHO3aX8amHOU mepanuu 3ioKaue-
cmeeHHbLX onyxoniell.

Knroueevle cnoea: iiacmepHole AHUOHbL 60pa, K030-0eKaboOpamHblil AHUOH, OKCOHUEe8ble NPOU3-
800HbBLE KN1030-0eKabopamHoz0 AHUOHA, PACKpbIMUE UUKIUUECKO20 3aMECMUMENSl, 8MOPUUHbLE AMU-
Hol, 19B-HelimpoHo3axXeamHas mepanust 310KaUecmsaeHHbIX onyxoaell

Jna yumuposanua: Matsees E.1O., Hosukos C.C., Jlesunkas B.f., Huayrosckuit A.W., Coxonos W.E., Kwxun K.10O.,
Kysunenos H.T. Bzaumoneiicteue amnona [2-B, H/O(CH,),0] ¢ BropuuHbIMM aMHHaMM. ToHKUe XUMUYECKUE MeXHONO2UU.
2022;17(5):427-438. https://doi.org/10.32362/2410-6593-2022-17-5-427-438

INTRODUCTION

Cluster boron anions [BH > (n = 10, 12)
are one of the unique examples of completely
inorganic clusters that are highly resistant to
oxidizing agents and tend to replace exo-polyhedral
hydrogen atoms with various functional groups
[1-3]. Derivatives based on boron polyhedra of
this class are increasingly being used in science

and technology, with the medical field, namely,
"B neutron capture therapy of malignant tumors,
remaining one of the most significant areas
[4—14]. In this regard, it is very important to develop
new methods for the synthesis of closo-borates
containing biologically active groups that can also be
modified.

As well as being associated directly with
the boron cluster, the functionalization of boron
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cluster anions can involve already introduced
functional groups. One of the main methods for the
direct functionalization of [B H ]*" (n =10, 12) anions
is electrophilic-induced nucleophilic substitution
(EINS) of exo-polyhedral hydrogen atoms for
various functional groups [15-19]. While this
method can be used to obtain a wide range of closo-
borates, its disadvantages are associated with the
possible interaction of nucleophilic reagents with
Lewis acids used to initiate such processes. By
modifying the already introduced exo-polyhedral
groups, it becomes possible to significantly expand
the range of obtained boron-containing compounds.
For example, in recent years, the method of
modifying thiol and nitrile derivatives of [B H ]*
anions has gained popularity [20-23]. However, it
is often necessary to obtain compounds containing
so-called pendant functional groups separated
by a relatively inert fragment from the boron
cluster in order to avoid the influence of the latter.
Therefore, one of the most convenient methods
for the functionalization of boron clusters involves
the substitution of exo-polyhedral hydrogen atoms
for molecules of cyclic ethers, followed by the
opening of the resulting oxonium-type cyclic
substituents with the help of nucleophiles. As a
result of such reactions, closo-borates are formed
with pendant functional groups attached to the
boron cluster through an alkoxy spacer chain.
Derivatives of [B H ]*" anions with a given structure
can be obtained by using a wide range of nucleophilic
reagents [24-30].

The purpose of this work is to reveal the
conditions and features of the interaction of the
1,4-dioxane derivative of the closo-decaborate
anion, [2-B, H,0(CH,),O]", with secondary amines
(dimethylamine, dipropylamine, diallylamine,
dibutylamine, diisobutylamine, di-sec-butylamine,
morpholine), during which closo-decaborates with
pendant ammonium groups are formed.

EXPERIMENTAL SECTION

Physical and chemical analysis methods

The infrared (IR) spectra of the compounds were
recorded on an Infralum FT-02 IR Fourier spectrometer
(Lumex, Russia) in the range 4004000 cm™'. Samples
were prepared in the form of tablets from a mixture
of the test compound and KBr. 'H, "B, '*C nuclear
magnetic resonance (NMR) spectra of test substance
solutions in fully deuterated dimethyl sulfoxide
(DMSO-d,) with attached proton test (APT) were
recorded on a DPX-300 NMR spectrometer (Bruker,
Germany) at frequencies of 300.3, 96.32, and

75.49 MHz, respectively, with internal deuterium
stabilization. Mass spectra were recorded using
a TSQ Quantum Access MAX triple quadrupole
mass spectrometer (Thermo Fisher Scientific, USA)
equipped with an API source (HESI-II), an Agilent
1200 GI1311A four-channel pump (Agilent, USA),
and a 6-port injector with an external volume loop of
0.002 cm?. Samples were introduced into the ion source
by manual loop injection into the solvent stream.
Acetonitrile (ACN) for the high-performance liquid
chromatography (HPLC) and deionized water obtained
on a Milli-Q unit (Millipore, USA) were used as
solvents. The pump flow was set at 0.4 mL/min in
ACN/H,O isocratic mode (50:50). Electrospray
ionization (ESI) was carried out in the negative ion
detection mode wunder the following conditions:
sputtering voltage -2.5 kV, ion transfer tube
temperature 350 °C, evaporator temperature 300 °C,
gas pressure (N,) 35 a.u., auxiliary gas flow rate 10 a.u.
Mass spectra (MS) in the full scan mode were recorded
in the range m/z 100-600. Data collection and
processing was carried out using Xcalibur software
(version 2.0).

Elemental analysis of the sample was performed
on an ELAN DRC-e inductively coupled plasma
mass spectrometer (PerkinElmer, USA). The content
of carbon, hydrogen, and nitrogen in the samples
was determined on a EuroEA 3000 elemental CHNS
analyzer (Eurovector Instrument, Italy).

Materials

Tetrabutylammonium [2-(1-(1,4-dioxanium))]-
nonahydro-closo-decaborate, (n-Bu,N)[B, H/O(CH,),0]
was  synthesized according to a previously
developed procedure [31]. 1,4-dioxane was
purified according to [32]. Dimethylamine (33%
aqueous solution, Sigma-Aldrich, USA), dibutylamine
(>99.5%, Sigma-Aldrich, USA), dipropylamine
(99%, Sigma-Aldrich, USA), diallylamine
(99%, Sigma-Aldrich, USA), di(sec-butyl)amine
(99%, Sigma-Aldrich, USA), diisobutylamine (99%,
Sigma-Aldrich, USA), morpholine (99%, Sigma-Aldrich,
USA), ethanol (95%, Sigma-Aldrich, USA), 1-pentanol
(99%, Sigma-Aldrich, USA), methanol (99.9%,
Merck, Germany), cesium iodide (chemically pure,
Himmed, Russia), tetraphenylphosphonium chloride
(99.9%, Sigma-Aldrich, USA), dimethylformamide
(99.8%, Sigma-Aldrich, USA).

Experiments

To a suspension of 45 mg (0.1 mmol)
(Bu,N)[B,,;H,0(CH,) O] in 10 mL of ethanol (95%)
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was added 0.6 mmol of a secondary amine (40 pL
of a 33% aqueous solution of dimethylamine or
85 uL of dipropylamine or 105 pL of dibutylamine
or 105 uL of diisobutylamine or 52 pL of morpholine
or 75 pL of diallylamine) and heated with stirring
for 2 h at reflux temperature. 200 pL of a 2 M solution
of cesium fluoride in methanol was then added
the resulting colorless or light-yellow solution.
The resultant white or light-yellow precipitate
was filtered off, recrystallized from a mixture of
water-methanol (1:1) and dried under high vacuum.

Cesium 2-[2-(2-dimethylammonioethoxy)ethoxy)]-
nonahydro-closo-decaborate,
Cs[B, H,0(CH,),0(CH,),NH(CH,),]

Yield: 0.030 g (79%). 'H NMR (DMSO-d,,
8, ppm): 10.16 (s, 1H, NH), 3.65 (t, 2H, CH, (o)), 3.40
(t, 2H, CH, (y)), 3.16 (m, 4H, CH, (B, 3)), 2.77 (s,
6H, CH, (¢)), from 1.00 to —0.50 (m, 9H, B, H,).
"B {'H} NMR (DMSO-d,, 3, ppm): 0.8 (s, BO (2)),
—0.3, —3.5 (both s, by 1B, BH (10, 1)), —21.5 (s,
BH (3, 5, 6, 9)), —27.2 (s, 2B, BH (7, 8)), —31.5
(s, 1B, BH (4)). “"C APT NMR, (DMSO-d,,
8, ppm): 71.2 (CH, (B)), 70.1 (CH, (y)), 63.2
(CH, (@), 552 (CH, (3)). 42.8 (CH, (¢).
IR (KBr,cm™): 3075,2720 (v(N'-H)), 2467 (v(B-H)),
1471 (8(H-N*-H)). Found (%): C, 18.59; H, 3.58;
N, 3.61; B, 28.12; C.H, B, CsNO,. Calculated (%):
C, 18.80; H, 3.61; N, 3.65; B, 28.20. ESI-MS. Found,
mlz: 250.3 [B,,H,0(CH,),0(CH,),NH(CH,),]".
(C,H,,B,/NO,). Calculated: M = 250.3.

Cesium 2-[2-(2-dipropylammonioethoxy)ethoxy)]|-
nonahydro-closo-decaborate,
Cs[B,,H/O(CH,),0(CH,),NH(CH,CH,CH,),]

Yield: 0.036 g (81%). 'H NMR (DMSO-d,, 6,
ppm): 9.81 (s, 1H, NH), 3.68 (t, 2H, CH, (a)), 3.38 (t,
2H, CH, (y)), 3.20 (t, 2H, CH, (B)), 3.13 (t, 2H, CH,
(9)), 2.51 (t,4H, CH, (¢)), 1.72 (m, 4H, CH, ({)), 0.93
(t, 6H, CH, (n)), from 1.00 to —0.50 (m, 9H, B, H,).
"B {'"H} NMR (DMSO-d, 5, ppm): 1.4 (s, BO (2)),
—0.1, =3.7 (both s, by 1B, BH (10, 1)), —21.3 (s, BH
(3,5,6,9)), —27.3 (s, 2B, BH (7,8)), —31.2 (s, 1B,
BH (4)). "C APT NMR (DMSO-d,, 5, ppm): 70.5
(CH, (B). 70.1 (CH, (y)). 54.9 (CH, (w)), 50.8
(CH, (8)), 23.1 (CH, (2)), 16.3 (CH, (0)), 10.9 (CH,
(n)). IR (KBr, em™): 3079, 2715 (v(N*-H)), 2449
(v(B—-H)), 1481 (6(H-N*—H)). Found (%): C, 27.14; H,
7.26; N, 3.15; B, 24.49; C H,,B, CsNO,. Calculated
(%): C, 27.33; H, 7.34; N, 3.18; B, 24.60. ESI-MS.
Found, m/z: 306.4 [B, H,0(CH,),0(CH,),NH(C,H.),]".
(C,,H,,B,,NO,). Calculated: M = 306.3.

Cesium 2-[2-(2-dibutylammonioethoxy)ethoxy)]-
nonahydro-closo-decaborate,
Cs[B, H,0(CH,),0(CH,),NH(CH,CH,CH,CH,),]

Yield: 0.38 g (82%). 'H NMR (DMSO-d,, 5, ppm):
9.80 (s, 1H, NH), 3.63 (t, 2H, CH, (o)), 3.35 (t, 2H, CH,
(), 3.17 (t, 2H, CH, (B)), 3.12 (t, 2H, CH, (9)), 2.51
(t, 4H, CH, (¢)), 1.62 (m, 4H, CH, (0)), 1.33 (m, 4H,
CH, (n)), 0.93 (t, 6H, CH, (9)), from 1.00 to —0.50 (m,
9H, B, H,). "B {'H} NMR (DMSO-d,, 6, ppm): 1.9 (c,
BO (2)), 0.1, =3.6 (both s, by 1B, BH (10, 1)), —21.4 (s,
BH (3, 5, 6, 9)), —27.3 (s, 2B, BH (7,8)), —31.4 (s, 1B,
BH (4)). "C APT NMR (DMSO-d,, 8, ppm): 70.5 (CH,
(B)), 57.6 (CH, (y)), 53.2 (CH, (1)), 50.8 (CH, (3)), 23.1
(CH, (¢)), 19.6 (CH, (0)), 19.2 (CH, (n)), 13.7 (CH, (6)).
IR (KBr, em™): 3079, 2715 (v(N*—H)), 2449 (v(B-H)),
1483 (3(H-N*—H)). Found (%): C, 30.65; H, 7.72; N,
2.93; B, 22.98; C_H,B CsNO,. Calculated (%): C,
30.83; H, 7.76; N, 2.99; B, 23.12. ESI-MS. Found, m/z:
3342 [B, H,0(CH,),0(CH,),NH(CH,CH,CH,CH,),]".
(C,H, B NO,). Calculated: M = 334.4.

Cesium 2-[2-(2-di(2-methylpropyl)ammonioethoxy)-
ethoxy)|nonahydro-closo-decaborate,
Cs[B,,H,0(CH,),0(CH,),NH(CH,CH(CH,),),]

Yield: 0.36 g (77%). 'H NMR (DMSO-d,, 3,
ppm): 9.82 (s, 1H, NH), 3.32 (t, 2H, CH, (a)), 3.17
(t, 2H, CH, (y)), 3.07 (t, 2H, CH, (B)), 2.43 (t 2H,
CH, (9)), 2.08 (d, 4H, CH, (¢)), 1.61 (m, 2H, CH (0)),
0.82 (d, 6H, CH, (n)), from 1.00 to —0.50 (m, 9H,
B, H,). "B {'"H} NMR (DMSO-d,, 3, ppm): 0.6 (s,
BO (2)), —0.4, 3.1 (both s, by 1B, BH (10, 1)), —21.3
(s, BH(3,5,6,9)),-27.0 (s, 2B, BH (7, 8)), —31.6 (s,
1B, BH (4)). "C APT NMR (DMSO-d,, 5, ppm): 72.2
(CH, (B)). 69.4 (CH, (1)), 68.6 (CH, (1)), 64.0 (CH,
(3)), 54.0 (CH (¢)), 26.3 (CH, (§)), 20.7 (CH, (n)).
IR (KBr,cm™): 3082, 2694 (v(N*-H)), 2448 (v(B-H)),
1468 (8(H-N*—H)). Found (%): C, 30.62; H, 7.70; N,
2.94; B, 23.02; C H, B, CsNO,. Calculated (%): C,
30.83; H, 7.76; N, 2.99; B, 23.12. ESI-MS. Found,
m/z: 3343 [B, H,0(CH,),0(CH,),NH(CH,CH(CH,),),].
(C,H,B NO,). Calculated: M = 334.4.

Cesium 2-|2-(2-N-morpholylammonioethoxy)ethoxy)]-
nonahydro-closo-decaborate,
Cs[B,,H,0(CH,),0(CH,),NH(CH,CH,),0)]

Yield: 0.36 g (85%). 'H NMR (DMSO-d,, 3,
ppm): 4.55 (s, 1H, NH), 3.56 (t, 2H, CH, (0)), 3.35
(t, 2H, CH, (w)), 3.19 (t, 2H, CH, (y)), 3.05 (t, 2H,
CH, (B)), 2.36 (t, 2H, CH, (9)), 2.32 (m, 2H, CH, (¢)),
from 1.00 to —0.50 (m, 9H, B, H,). "B {'H} NMR
(DMSO-d,, 6, ppm): 1.5 (s, BO (2)), =0.2, =3.2 (both s,
by 1B, BH (10, 1)), —21.3 (s, BH (3, 5, 6, 9)), —27.0
(s, 2B, BH (7.8)), —31.4 (s, 1B, BH (4)). "CAPTNMR
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(DMSO-d,, 3, ppm): 72.2 (CH, (B)), 69.3 (CH, (7)),
66.7 (CH, (y)), 65.9 (CH, (a)), 58.0 (CH, (3)), 53.4
(CH, (¢)). IR (KBr, cm™): 3071, 2726 (v(N'-H)),
2454 (v(B-H)), 1456 (8(H-N'—H)). Found (%): C,
22.41; H, 6.10; N, 3.23; B, 25.24; C,H B CsNO,.
Calculated (%): C, 22.59; H, 6.16; N, 3.29; B, 25.41. ESI-MS.
Found, m/z 2922 [B,,H,0(CH,),0(CH,),NH(CH,CH,),0)] .
(C.H NO,). Calculated: M =292.3.

826 10

Cesium 2-[2-(2-diallylammonioethoxy)ethoxy)]-
nonahydro-closo-decaborate,

Cs[B,,H,0(CH,),0(CH,) NH(CH,CH=CH,),)]

10779

Yield: 0.34 g (79%). 'H NMR (DMSO-d,, 9,
ppm): 9.85 (s, 1H, NH), 5.83 (m, 2H, CH ({)), 5.12 (d,
4H, CH, (m)), 3.38 (t, 2H, CH, (o)), 3.20 (t, 2H, CH,
(), 3.11 (t, 2H, CH, (B)), 3.04 (d, 4H, CH, (¢)), 2.52
(t, 2H, CH, (9)), from 1.00 to —0.50 (m, 9H, B, H,).
"B {'H} NMR (DMSO-d,, 6, ppm): 1.1 (s, BO (2)),
—0.3, 3.2 (both s, by 1B, BH (10, 1)), —21.4 (s, BH (3,
5,6,9)),—27.2 (s, 2B, BH (7, 8)), —31.7 (s, 1B, BH (4)).
"C APT NMR (DMSO-d,, 5, ppm): 135.7 (CH (0)),
117.4 (CH, (m)), 72.2 (CH, (B)), 69.4 (CH, (y)), 67.9
(CH, (1)), 56.4 (CH, (9)), 52.2 (CH, (¢)). IR (KBr, cm™):
3079, 2716 (v(N*—H)), 3025 (v(=C-H)), 2455 (v(B—H)),
1446 (8(H-N'-H)). Found (%): C, 27.40; H, 6.42; N,
3.17; B, 24.68; C, H,B, CsNO,. Calculated (%): C,
27.58; H, 6.48; N, 3.21; B, 24.83. ESI-MS. Found, m/z:
302.4 [B,,H,0(CH,),0(CH,),NH(CH,CH=CH,),)]".
(C,,H,B,,NO,). Calculated: M = 302.3.

107728

Cesium 2-[2-(2-di(2-butyl)ammonioethoxy)-
ethoxy)|nonahydro-closo-decaborate,

Cs[B,,H,0(CH,) O(CH,),NH(CH(CH,)(CH,CH,)),|

1079

To a suspension of 45 mg (0.1 mmol) of
(Bu,N)[B, H,O(CH,),0] in 10 mL of 1 pentanol (95%)

10779

_|
\_/
ElOH t,°C

was added 0.6 mmol (105 pL) of di-sec-butylamine
and heated with stirring for 6 h at 110-120°C. To the
resulting colorless solution was added 200 uL ofa 2 M
solution of cesium fluoride in methanol. The resulting
white or light-yellow precipitate was filtered off,
recrystallized from a mixture of water-methanol (1:1)
and dried in a high vacuum.

Yield: 0.33 g (72%). '"H NMR (DMSO-d,, 3, ppm):
6.57 (s, 1H, NH), 3.38 (t, 2H, CH, (a)), 3.16 (t, 2H, CH,
(1)), 3.06 (t, 2H, CH, (B)), 2.55 (t, 2H, CH, (3)), 1.23 (t,
2H, CH (¢)), 1.09 (m, 4H, CH, (0)), 0.89 (t, 6H, CHCH,
(n)) 0.80(t, 6H, CH,CH, (0)), froml 00 to—0.50 (m, 9H

B H,). "B {'H} NMR (DMSO-d,, 6, ppm): 1.3 (s, BO
(2)),—0.4,-3.2 (both s, by 1B, BH (10, 1)),—21.4 (s, BH
(3,5,6,9)), —27.1 (s, 2B, BH (7, 8)), —31.9 (s, 1B, BH
(4)). "C APT NMR (DMSO-d,, 8, ppm): 72.2 (CH, (B)),
69.4 (CH, (y)), 65.5 (CH, (a)), 62.7 (CH, ()), 28.6 (CH
(), 18.1 (CH, (¢)), 17.3 (CHCH, (n)), 11.7 (CH,CH,
(0)). IR (KBr, cm™): 3079, 2732 (v(N*—H)), 2456
(v(B-H)), 1457 (6(H-N*—H)). Found (%): C, 30.63; H,
7.70;N,2.91; B, 23.00; C ,H, B, CsNO,. Calculated (%):
C, 30.83; H, 7.76; N, 2.99; B, 23.12. ESI-MS. Found, m/z:
3343 [B1 ,H,O(CH,),0(CH,),NH(CH(CH,)(CH,CH,)),I".

(C,,H,B,)NO,). Calculated: M = 334.4.
RESULTS AND DISCUSSION
We have studied the interaction of the

1,4-dioxane derivative of the closo-decaborate anion
[B,,H,0(CH,),0]" with secondary amines in ethanol. In
the course of research, it was shown that as a result of the
reactions, the cyclic substituent of the oxonium type is
opened, followed by the addition of pendant ammonium
functional groups (see Scheme).

"B {!H} NMR spectroscopy is a very convenient
method for the primary monitoring of 1,4-dioxane
substituent opening reactions in the [B, H/O(CH,)) O]

-

10779

ii\f’&
UL

Scheme. Interaction of the [B, H,

O(CH,),0] anion with secondary amines.
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anion. Here, it is important to note that, while the general
form of the spectrum characteristic of monosubstituted
closo-decaborates [B, HR]" (x = 1, 2) is preserved, a
significant change in the chemical shifts of the signals is
observed (Fig. 1).

Thus, the signals from apical boron atoms appear
in the "B NMR spectrum of the starting compound
BuN[B, H/O(CH,)),0] at 0.8 ppm and —6.4 ppm;
and —3.1 ppm, respectively. The singlet from the ipso
boron atom bonded to the oxygen atom is shifted from
7.9 ppm. up to 0.6 ppm. This is the only signal that does

not split into a doublet in the absence of broadband
suppression of the B-H spin-spin interaction. Signals
from other equatorial atoms in a strong field are
redistributed with respect to the spectrum of the initial
[B,,H,O(CH,),O] anion: three signals are observed in
the spectrum of the reaction product at —21.3, —27.0,
and —31.56 ppm., having a ratio of integral intensities
of 4:2:1. Such changes in the spectral pattern can be
explained by the redistribution of the electron density on
boron atoms due to the change in the B-O bond type
from oxonium to alkoxy.

S) 3 3 — o S
= 3 ‘ e =
-
(o}
1
(o]
|
15 10 5 0 s “lo 15 ~20 25 ~30 35
o — N < e
SS e IS & -
| | |

-25 -30 -35

Fig. 1. "B {'H} NMR spectra of Bu,N[B, H/O(CH,),O] (top) and Cs[B, H/O(CH,),O(CH,),NH(CH,CH(CH,),),] (bottom).
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While the course of the opening of the cyclic
substituent in the 1,4-dioxane derivative of the closo-
decaborate anion can be unambiguously determined
according to the described changes, practically no
information about the structure of the alkoxy spacer
and the introduced pendant group is provided, due
to their similarity for all obtained connections.
Accordingly, this data was obtained by analyzing
the IR, *C APT and 'H NMR spectra of the obtained
derivatives.

Thus, the absorption bands in the regions of
2690-3100 cm™ and 1440-1490 cm™ in the IR
spectra of the synthesized compounds with pendant
ammonium groups can be related to stretching
vibrations of the N*—H bonds and bending vibrations
of the H-N"—H bonds, respectively. The boron cluster
is represented in the IR spectra of the products by a
high-intensity absorption band from B-H stretching
vibrations in the range 2449-2467 cm™'. This type of
spectra indicates the opening of the cyclic substituent
and the addition of pendant nitrogen-containing
groups.

The 'H NMR spectra of the obtained derivatives
of the closo-decaborate anion undergo significant
changes compared to the spectrum of the starting
[B,,H,O(CH,),0] anion. In particular, its '"H NMR
spectrum contains only two triplets at 3.85 ppm.
and 4.31 ppm from nonequivalent methylene groups
of the cyclic substituent, while in the spectrum of
Cs[B, ,H,0(CH,),0(CH,),NH(CH,CH(CH,),),]

four triplets appear with equal integrated
TOT T T
HDO
avs /
o B

—2.06

intensity from the protons of the alkoxy chain at
3.32 ppm (o), 3.17 ppm (y), 3.07 ppm (B), and
2.43 ppm (3), along with signals from the pendant
group at 2.08 (d, CH, (g)), 1.61 (m, 2H, CH ({)), and
0.82(d, 6H, CH, (n)) ppm (Fig. 2). Similar changes are
observed in the spectra of other obtained compounds.
Since the signals from the hydrogen atoms of the
boron cluster typically represent an extremely broad
multiplet in the range from 1.00 to —0.50 ppm., they
are not of significant interest.

The "C APT spectra of the synthesized
compounds also depict interesting changes associated
with the opening of the 1,4-dioxane substituent
and the introduction of a terminal ammonium group.
Thus, the spectrum of the cesium salt of the anion
[B,,H,0(CH,),0(CH,),NH(CH,CH(CH,),),] contains
four signals at 54.0, 26.3, and 20.7 ppm. from e-,
C-, and n-carbon atoms of the -NH(CH,CH(CH,),),
group. Signals from carbon atoms of the spacer
chain are observed at 72.2 (), 69.4 (y), 68.6 (), and
64.0 (6) ppm (Fig. 3).

The composition of the synthesized derivatives
of the closo-decaborate anion was confirmed using the
ESI-MS method. For example, the mass spectrum of the
compound Cs[B, H,O(CH,),0(CH,),NH(CH,CH,CH,CH,),|
in the negative ionization mode of ESI-MS shows
an ion with a maximum intensity at m/z 334.22
from a singly charged anion of the composition
[B,,H,0(CH,),0(CH,),NH(CH,CH,CH,CH,),]” (Fig. 4).

It is interesting to note that the interaction of
the anion [B, H/O(CH,),0]" with di-sec-butylamine

— o
o *x
i (=]
| |
-
f
f
|
|
|
|
|
- |
7 /“‘

DMSO
Y |
U r

—
@
o
w

T T T T T T T T T T T T T T T T T T T T T T T T T T
34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 1.7 16 15 14 13 1.2 11 1.0 09 08 07

Fig. 2. 'H NMR spectrum of Cs[B, H,0(CH,),0(CH,),NH(CH,CH(CH,),),] in DMSO-d..
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Fig. 3. °C ART NMR spectrum of Cs[B,,H,0(CH,),0(CH,),NH(CH,CH(CH,),),] in DMSO-d,.

practically does not occur in ethanol at reflux for
8 h. For this reason, the corresponding reaction
was carried out in a medium of a higher-boiling
solvent (l-pentanol). This can be attributed to
steric hindrance in the formation of the anion
[B,,H,0(CH,),0(CH,),NH(CH(CH,)(CH,CH,)),]".

_.
o
T

90

80

70

60

50

40

Relative abundance

30

20

—_
o

vt b b v b b b b brrea e i

163.25

| o il 206.26

293.08

o

350.16

CONCLUSIONS

Thus, in the present study, a method was developed
for the synthesis of new derivatives of the closo-
decaborate anion with secondary amine molecules
(dimethylamine, dipropylamine, diallylamine,

334.22

" ?1,93-0'7 461.19 51828 57522

-
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|
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Fig. 4. ESI-MS spectrum of the Cs[B, H,O(CH,),0(CH,),NH(CH,CH,CH,CH,),]
in the negative ionization mode.
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dibutylamine, diisobutylamine, morpholine, di-sec-
butylamine) attached to the cluster anion as pendent
groups.

The developed method is shown to achieve high
yields of the target compounds (72-88%), simple
execution, as well as allowing nitrogen-containing
derivatives of the [B, H ]* anion to be selectively
obtained. Such compounds can be used as effective
polydentate ligands, as well as being suitable for
introduction into further modification reactions due to
the attached pendant group.
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Abstract

Objectives. To obtain experimental data on the effect of activating additive type on the cold
sintering process of (MnFeCoNiCu),0, high-entropy ceramic. The following substances were used
as activating additives: ammonium acetate (CH,COONH,), acetic acid (CH,COOH), ammonium
chloride (NH,CIl), potassium fluoride dihydrate (KF-2H,0), lithium fluoride (LiF), sodium fluoride
(NaF), and sodium hydroxide (NaOH).

Methods. Synthesis of the initial powder by low-temperature self-propagating method;
investigation of the powder particles size distribution by laser diffraction method; analysis
of the particle shape and compacted sample microstructure by scanning electron microscopy;
investigation of the phase composition by X-ray phase analysis; high-entropy ceramic sample
consolidation by cold sintering process. The density of the initial powder and the relative density
of cold sintered samples were determined by the Archimedes method.

Results. Samples with a relative density of over 0.70 were obtained using distilled water,
CH,COONH, and NaOH during cold sintering at 300°C, with a holding time of 30 min and
pressure 315 MPa.
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Conclusions. For the first time, the effect of the type of activating additive on the relative density
of high-entropy ceramics (MnFeCoNiCu),0, samples obtained by cold sintering process has
been experimentally demonstrated. The samples microstructures have pronounced differences:
20 wt % distilled water does not lead to grain growth, with only their compaction to 0.71 relative
density observed; however, the addition of 0.1 wt % CH,COONH, and NaOH increases the
average grain size when reaching similar relative densities (0.70 and 0.71, respectively). X-ray
diffraction analysis showed that the cold sintering process does not lead to a change in the
phase composition of the initial (MnFeCoNiCu),0, powder, confirming the preservation of the
high-entropy structure.

Keywords: high-entropy ceramics, oxide ceramics, cold sintering process, sintering, phase
composition
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crieKaHusi BbICOKOIHTponuitHou kepamuku (MnFeCoNiCu),0,
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AHHOMAuus

Ienu. ITonyueHue sKkchepumMeHmMAlbHbIX OAHHBLIX O 8AUSTHUU suda axmusupyroweli dobasku
Ha npoyecc xon00H020 CneKaHusl 8blcoKosHmponuiinHoil kepamuru cocmasa (MnFeCoNiCu),O,.
B kauecmee axmugupyrouux 006aeok bbliu ucnonv3osarsl: ayemam ammorus (CH,COONH,),
yreycras kucroma (CH,COOH), ammoruil xnopucmeiii (NH,Cl), kanuil gpmopucmotil 2-x 600HbLU
(KF-2H,0), rumuii pmopucmelil (LiF), Hampuii pmopucmutii (NaF), 2udoporcud Hampus (NaOH).
Memoovt. Curmes ucxo0H020 NOPOULKA MEMOOOM HUSKOMEMNEPAMYPHO20 CAMOPACNPOCTPAHSL-
rOUle20Cs CUHmMesa; UCCAe008aHUE 2PAHYIOMEMPUUECKO20 COCMAB8A NOPOUKA MEemMOOOM Sasep-
HOU Jupparyuu; aHanu3 popmsbl UaAcMuly, U MUKPOCMPYKMYPblL CKOMNAKMUPOBAHHBLLX 00pa3u408
MEemoOoOM CKAHUPpYHOWeEll 271eKMPOHHOU MUKPOCKONUU, AHANU3 (pa308020 cocmasad Mmemooom
PpeHmMeeHoa308020 AHANUSA, KOHCOAUOAUUSL 00pA3108 8blCOKOIHMPONULHOU KepamMuKu mMemo-
00M XOJI00OH020 CneKaHusl, NJIOMHOCMb UCX00H020 NOPOULKA U OMHOCUMENbHASL NJIOMHOCMb 00-
Pasuy08 KepamuKu Xosi00H020 CNeKAHUSL ONpedessiiuce memooom Apxumeoa.

Pesynomamut. Obpasysl c omHocumenbHol haiomHocmeto cabliie 0.70 nonyueHsl ¢ NpuMeHeHU-
em oucmunnuposarnmoil eoost, CH,COONH, u NaOH & npoyecce x0/100H020 CneKaHus npu mem-
nepamype 300°C, epemeru gvldeprxrku 30 mur u odasreHuu npeccogarus 315 MIla.
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Bbleoodusl. Bnepebvle 9KCnepumMeHmasibHo NOKA3aHO eausiHue euda akmueupyroueil 006asKu
HA OMHOCUMENIbHYI0 NIOMHOCMb 00pA3yU08 8blcOKOIHMpoNnuUliHolU kepamuku (MnFeCoNiCu),0,,
NONYUEHHBLX C NOMOULBIO NPOUECCA XON00H020 cheKkaHus. Mukpocmpykmypusl 06pasyoe umerom
sulparkerHsble omauuus: 20 mac. % OUCMUANUPOBAHHOU 800bL HE NPUBOOUM K pOCMY 3epeH,
Habnirodaemest moavko ux yniomuerue 0o 0.71 omHocumenvHoli ntomHocmu; npu dobassieHuu
0.1 mac. % CH,COONH, u NaOH Habatwodaemcs. pocm cpedHez0 pasmepa 3eper npu 0ocmu-
JKeHuu 6auskux nokaszamesneti omHocumenoHot niomHoemu (0.70 u 0.71 coomeemcmeeHHO).
PermeeHOOUPPAKYUOHHDBLI GHANU3 NOKA3AJL, UMO NPOUECC XOJN00H020 CNEeKaHUsi NOpouwKa
(MnFeCoNiCu),0, He npueooum K USMEHeHUur pas3neo2o0 cocmasga UCXOOHO20 NOPOULKA, UMO
ceudemesnibcmayem 0 COXPAaHEeHUU 8bLCOKOIHMPONUUHOU cmpyKkmypbl.

Knroueewvle cnosa: echoxoanmponwiHaﬂ KepamMura, oKcuoHas Kepamura, npouyecc X0J100H020

cnexKaHust, cnekaHue, d)asoebui cocmas

Jna yumuposanua: Cvupno A.B., Usaxun FO.Jl., Kopurommu M.B., XomonkoBa A.A., Bacun A.A., Aronunsa C.,
Kupakocsn A.B. BiusHue akTHBHPYIOIIMX J00aBOK Ha IPOLECC XOJOAHOTO CIIEKAaHWS BBICOKOIHTPOIMHHON KepaMUKU
(MnFeCoNiCu),0,. Tonkue xumuueckue mexnonoauu. 2022;17(5):439-449. https://doi.org/10.32362/2410-6593-2022-17-5-439-449

INTRODUCTION

High-entropy materials were first described
in 2004 as innovative metallic disordered
multicomponent alloys having promising applications
[1]. The number of combinations of composition
components that can be covered using this approach
is almost limitless, and so far a very limited number
of options have been explored. However, several
high-entropy alloys have previously been shown
to have exceptional mechanical and performance
properties that are superior to conventional alloys
[2]. Later, in 2015, entropy stabilization in a mixture
of oxides was demonstrated, and the first samples
of the so-called high-entropy ceramics were obtained.
It has been shown that high-entropy ceramic
systems have promising properties for a wide range
of  applications:  thermal  barrier coatings,
thermoelectrics, catalysts, batteries, and wear-
resistant coatings [3]. In recent years, several
high-entropy oxide systems have been studied,
such as ferrimagnetic (CoCrFeMnNi),O, [4, 3]
and ferromagnetic (CoCrFeMnZn),0O, and
(CoCrFeNiZn),0, [6]; perovskites with rare earth
elements (La(CoCrFeMnNi)O,), which exhibit
a complex magnetic state with a predominance
of antiferromagnetic interactions [7]. It has been
found that a high-entropy oxide ceramic material with
a rock-salt type structure (MgCoNiCuZn)O exhibits
long-range magnetic order despite the structural
disorder of randomly distributed magnetic ions. It
is assumed that similar magnetic properties can be
realized in high-entropy oxide ceramic materials

with different types of crystal lattice and different
compositions of elements, in particular, in the
(MnFeCoNiCu),0, system [8].

When studying the properties of the above-
described promising high-entropy oxide ceramic
materials, one of the main arising problems is
how to preserve the high-entropy structure of the
initial powder materials during their sintering. High
sintering temperatures (usually more than 1000°C)
lead to disruption of the high-entropy structure as
a result of the phase transformations, evaporation
and chemical reactions, as well as the decomposition
of high-entropy phases [3]. For stable production
of high-entropy ceramic samples, it is necessary
to use consolidation methods at temperatures not
exceeding the synthesis temperature of initial
high-entropy ceramic powders, which are within the
range of 350-750°C [3, 9].

The cold sintering process (CSP), an innovative
ceramic sintering method that uses a liquid phase,
compression-molding pressure and temperatures
below 550°C, is under active study and development
[10, 11]. It has been found that the participation
in CSP of a liquid phase (most often water or
aqueous solutions of acids and alkalis) can
significantly reduce the sintering temperatures
of oxide ceramic materials down to the range
of 200-400°C and lower, in some cases even to
room temperature [12]. In addition, some materials,
such as ZnO, can be compacted to more than 90%
of their theoretical density in less than 15 min
at temperatures below 300°C [13]. The scheme
of the CSP is shown in Fig. 1.
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‘ Compression-molding pressure

Upper punch

Hole for thermocouple

Copper seal
Mold matrix

Middle punch

Lower punch

Lower press plate

Fig. 1. Scheme of the cold sintering process.

The main CSP parameters are: pressing force;
temperature in the mold; time of exposure under
the action of a given pressure and temperature;
activating additive type and concentration; liquid
phase concentration; ceramic powder material
properties  (its  solubility, particle size and
granulometric composition (Fig. 2) [14]. These
parameters are selected for each specific material
experimentally. The mechanism or mechanisms
of the CSP are under study. To date, three
mechanisms of mass transfer in the CSP are
proposed in the literature: dissolution—precipitation
[11]; mass transfer due to surface diffusion in
a layer with a high content of defects formed as a
result of dissociative adsorption of water by oxide
particles [13]; mass transfer due to surface spreading
and coalescence of particles owing to the appearance
of solid-phase mobility of the oxide structure
as a result of the exchange of water molecules
between the medium and the forms of water bound
in the structure of oxide particles [15].

The choice of additives for CSP activation is
based on theories concerning the process mechanism.
These can be additives that increase the oxide particles
solubility in an aqueous medium due to a change in
pH. The addition of NaOH increases the aqueous

Powder
Size and solubility

/ \
s N
o Cold - o
Activating additive sintering Holding time
: " process —; g
\ /
s N
Temperature __ _| Compression-molding pressure é
] { =

J

Fig. 2. Main parameters of the cold sintering process [14].

Clamp heater or induction coil

solution pH, creating an alkaline environment.
Acetic acid reduces the solution pH and promotes the
dissolution of oxides in the acidic environment.
When adsorbed on oxide particles, the acid proton
increases the content of hydroxyl groups (bound
forms of water in the structure of oxides) in them
to increase structural mobility [16]. Ammonium
acetate or ammonium chloride added to water
also create an acidic environment due to hydrolysis
when the temperature rises. In addition, studies
on CSP have shown that the acetate ion is able
to diffuse into the volume of oxide particles
and exchange with the medium thus causing
an increase in structural mobility [16, 17]. The
addition of fluorides during hydrolysis leads
to the formation of HF, which can increase the
solubility of oxides also due to the formation of
fluoride complexes [18]. Currently, there is an
absence in the CSP literature of works about the
effect of activating additives on the composition
(MnFeCoNiCu),0,, as well as a lack of works on
high-entropy ceramics in general.

In [19], the fundamental possibility of
obtaining samples of high-entropy ceramics
(MnFeCoNiCu),0, by CSP using 20 wt % of
distilled water as a liquid phase was experimentally
shown for the first time. Ceramic samples with
a porosity of 28-31% were obtained at 300°C,
holding times of 3, 30, and 60 min and a compression-
molding pressure of 315 MPa.

The purpose of this study is to obtain new
experimental data on the effect of the activating
additive type on the CSP of high-entropy
ceramics  (MnFeCoNiCu),0,. The influence of
the activating additive type was evaluated by the
samples relative density. The densest samples
were subjected to analysis of the microstructure and
phase composition.

MATERIALS AND METHODS

The powder of high-entropy oxide ceramic
material (MnFeCoNiCu),0, synthesized by low-
temperature self-propagating synthesis (or bulk
combustion) in air from an equimolar mixture
of Mn, Fe, Co, Ni, and Cu metal nitrates was used
as a starting material. To prepare a mixture of
precursors, metal nitrate hydrates (Me(NO,))
(Sigma-Aldrich, USA) were dissolved together
with organic fuel (citric acid) in own-made
deionized water to obtain a saturated solution. The
homogeneous mixture was poured into a quartz
glass beaker and heated on an electric heater.
After the evaporation of water, a viscous liquid
(sol, then gel) was formed, which spontaneously
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ignited at a temperature above 200°C (so-called
bulk combustion accompanied by gas evolution and
smoke). To monitor the reaction in various thermal
conditions, we used measurements with a chromel-
alumel thermocouple (NPP “Etalon,” Russia).
The maximum synthesis temperature was about
450°C. After cooling, the synthesis product
was removed from the beaker and ground in an
agate mortar.

The CSP was carried out in a steel mold
with induction heating (Fig. 3a). The mold assembly
contained three punches: upper, middle and lower
(11 mm in diameter). A mixture of (MnFeCoNiCu),0,
powder with a liquid phase was located between
the upper and middle punches, while a copper
sealing ring was placed between the middle and
lower punches (Fig. 3b). The seal was used to
prevent the mixture from being squeezed out
of the gaps in the mold during compression 0.4 g
of (MnFeCoNiCu),0, powder and 0.08 mL of
water (20 wt %) were mixed in a bowl under
thorough stirring immediately before placing
into the mold. The thermocouple was fixed in the
mold in a cavity next to the sample. The mold
with the induction heater was installed along
the hydraulic press axis. The powder shrinkage
in the mold was controlled by measuring the
axial displacement of the hydraulic press lower
platform by using a mechanical dial indicator
(with a division value of 10 um) (ViadPromash,
Russia) mounted on the hydraulic press frame.

The following modes of the cold baking
process were used: baking temperature—250 and
300°C, time of heating to baking temperature—
20 min, and holding time—30 min. The modes
were chosen on the basis of the results of [19].

In all the experiments, the amount of the liquid
phase was 20 wt %: distilled water or an aqueous
solution of 0.1 wt % of an activating additive. The
following substances were used as activating additives:
ammonium acetate (CH,COONH,) (Khimprom-M,
Russia), acetic acid (CH,COOH) (RKhZ “NORDIKS, "
Russia), ammonium chloride (NH,Cl) (Khimprom-M,
Russia), potassium fluoride dihydrate (KF-2H,0)
(RKhZ  “Nordiks,” Russia), lithium fluoride
(LiF) (Alfa Aesar, USA), sodium fluoride (NaF)
(Alfa Aesar, USA), and sodium hydroxide (NaOH)
(Alfa Aesar, USA). All the reagents were of
purissimum or analytical quality.

Characterization of the initial powder by
particle size distribution was carried out using
a laser particle size analyzer LS 13 320 MW
(Beckman Coulter, USA). Before measuring the
granulometric composition, the initial powder
sample was deagglomerated by placing it in a glass
tube with water and subjecting it to ultrasound
in an ultrasonic bath at a power of 60 W. The
density of the initial powder and the relative
density of samples of cold-sintered ceramics were
estimated according to the Archimedes method.
The morphology of the initial powder and the
microstructure of the ceramic samples were studied
by scanning electron microscopy (SEM) using
a JSM-6390 LA microscope (JEO, Tokyo, Japan).
The average grain size of the ceramic samples
was determined by the analysis of SEM images
of the samples fractures. The diameter of samples
with a distinct contour was measured. In the end,
the results of the measurements contain both
the sizes of rare particles and the sizes of their
dense aggregates. Phase analysis of the
synthesized powder and ground ceramic samples

Fig. 3. (a) Steel mold with induction heater on hydraulic press; (b) mold parts.
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of cold production was performed on an XRD-6000
X-ray diffractometer (Shimadzu, Kyoto, Japan)
with CuKo radiation in the range of 10° < 20 < 70°
at a step of 20 = 0.02°. The samples diffraction
patterns were compared with the data of
PDF-2 database [20].

RESULTS AND DISCUSSION

A micrograph of the initial (MnFeCoNiCu),0,
powder after synthesis is shown in Fig. 4. As typical for
powders obtained by low-temperature self-propagating
synthesis (bulk combustion), the powder consists of
large particles of porous agglomerates. An analysis of
the granulometric composition (Table 1) confirmed
the presence of predominantly large agglomerates
with a modal diameter d,, = 45.9 um. After ultrasonic
treatment, the average particle size decreased by about
half, that is, the use of ultrasonics led to the destruction
of a considerable amount of large agglomerates and
aggregates. The pycnometric density of the powder as
measured by the Archimedes method was 5.14 g/cm?.

As a result of a series of CSP experiments
of (MnFeCoNiCu),0, powder it was found that
the relative density of samples >0.70 can only be
achieved using distilled water or aqueous solutions
of CH,COONH, and NaOH (Table 2). When

applying a compression-molding pressure of
315 MPa, a holding time of 30 min, a heating
time of 20 min, and an additive concentration of
0.1 wt %, the highest relative density of the
samples was consistently achieved at 300°C.
The samples had sufficient transport strength
for extraction from the mold, measurement of
relative density by the Archimedes method,
and subsequent measurements of electrical and
magnetic properties. (The results of studies on the
physical properties of samples of high-entropy
ceramics will be presented in a separate publication.)
It is possible that the process temperature could
be reduced by increasing the concentration of
effective activating additives (CH,COONH, and
NaOH) while maintaining relative density values
above 0.70. However, under such experimental
conditions, an increase in the CSP temperature
is impossible due to the strong adhesion of the
sample to punches at 350°C [19].

The densest CSP (Fig. 5) obtained using
water and aqueous solutions of CH,COONH, and
NaOH, were studied by SEM and X-ray diffraction
analysis. An analysis of the microstructures of
samples (Fig. 6) obtained at different compositions
of the liquid phase and identical CSP conditions
indicates a noticeable effect of activating
additives CH,COONH, and NaOH. When using

1Brm BEGE

®Z, B8a

Fig. 4. SEM image of the (MnFeCoNiCu),0, powder.

Table 1. Results of the granulometric composition measurement for (MnFeCoNiCu),0, powder

No. Conditions d , pm d,,, nm d_, pm d,,, pm Ssp, * em?*/em?
1 Without ultrasonic treatment 45.9 8.9 32.0 73.8 3466
2 After ultrasonic treatment 20.4 6.0 18.1 36.4 5145

* SSp is the specific surface area.
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Table 2. Effect of activating additives on the relative density of cold-sintered samples

Activating additive Temperature, °C Cold sintering modes* Relative density

250 0.69
H,0

300 0.71

250 0.68
CH,COONH,

300 0.70

250 0.65
CH,COOH

300 0.67

250 0.64
NH,CI

300 0.65

P=315MPa
¢t =30 min

250 0.54
KF-2H,

300 0.55

250 0.60
LiF

300 0.59

250 0.63
NaF

300 0.64

250 0.70
NaOH

300 0.71

* P is the compression-molding pressure; ¢ is the holding time.

distilled water, there is a change in the morphology
of the initial powder particles, the formation of
grains, their compaction, and a slight increase
in size (Fig. 6a). It can be concluded that the presence
of 20 wt % of distilled water and a mechanical
pressure of 315 MPa are sufficient to initiate the
CSPofapowderofthe composition(MnFeCoNiCu),0,
at a temperature of 300°C for 30 min. When
adding 0.1 wt % CH,COONH, (Fig. 6b) and NaOH
(Fig. 6¢), a pronounced grain growth is observed
upon reaching close values of relative density
(0.70 and 0.71, respectively). The CSP proceeds
more intensively in an aqueous medium
containing CH,COONH, and NaOH. In the case of
a powder of the composition (MnFeCoNiCu),0,
these activating additives initiate the dissolution
of the powder particles surface and/or increase

Fig. 5. Cold-sintered ceramic sample from
(MnFeCoNiCu),0, powder, relative density 0.71
(temperature 300°C, 0.1 wt % of NaOH).
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Fig. 6. Microstructure and particle size distribution histogram of cold-sintered (MnFeCoNiCu),O, ceramic samples
obtained at different compositions of the liquid phase: (a) H,0; (b) 0.1 wt % CH,COONH,; (¢) 0.1 wt % NaOH.
Temperature 300 °C, compression-molding pressure 315 MPa, dwell 30 min.

the number of defects in the surface layer of
the particles of the powder material and, as a
result, increase the solid-phase mobility of its
crystal structure. For a detailed study of the effect
of CH,COONH, and NaOH on the microstructure
and properties of high-entropy cold-sintering
ceramics of the composition (MnFeCoNiCu),0,,
further studies of grain size distribution using
SEM image analysis, characterization of the
electrical and magnetic properties of samples
depending on the activating additive concentration
and process modes are planned.

Figure 7 shows the results of X-ray diffraction
analysis of the phase composition of the initial
powder (Fig. 7a) and cold sintering samples
(Figs. 7b—7d). All diffraction patterns have identical
reflection patterns corresponding to the phase
with the spinel structure and additional reflections
indicating the presence of a second phase with
the rock salt structure. The presence of two phases
distinguishes the high-entropy oxide ceramic
(MnFeCoNiCu),0, studied in this work from
the material of similar chemical composition
described in [21], but having only one phase with
a spinel structure. This fact is of considerable
interest, since the properties of one- and two-
phase high-entropy ceramics (MnFeCoNiCu),0, can
vary significantly. In general, it can be stated that

Intensity, a.u.

10 20 30 40 650 60 70
26,°

Fig. 7. XRD patterns of:
(a) initial powder (MnFeCoNiCu),O,;
(b) cold-sintered sample, 0.1 wt % of NaOH;
() cold-sintered sample, 0.1 wt % of CH,COONH,;
(d) cold-sintered sample, H,O.
Phase types indicated: 1—spinel; 2—tock salt. Temperature 300°C,
compression-molding pressure 315 MPa, dwell 30 min.

the CSP of (MnFeCoNiCu),0, powder at 300°C
using an aqueous medium with the addition of
0.1 wt % of CH,COONH, and NaOH does not
lead to a change in the initial powder phase
composition. This indicates that the high-entropy
structure has been preserved.
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CONCLUSIONS

For the first time, the influence of the activating
additive type on the relative density of samples of
high-entropy ceramics (MnFeCoNiCu),O, obtained
by the CSP is shown experimentally. Ceramic samples
with a relative density of 0.70-0.71 were obtained
using 20 wt % of distilled water or an aqueous solution
of 0.1 wt % of CH,COONH, or NaOH as a liquid
medium. Samples of high-entropy ceramic material
were obtained at a temperature of 300°C, a holding
time of 30 min, and a compression-molding pressure
of 315 MPa. The microstructures of the samples
have pronounced differences: 20 wt % of distilled
water does not lead to a pronounced growth of grains,
only their compaction to 0.71 relative density is
observed. When adding 0.1 wt % of CH,COONH, and
NaOH, a noticeable grain growth is observed upon
reaching close values of relative density (0.70 and
0.71, respectively). For a more detailed study of this
effect, further studies on the grain size distribution
and physical properties of samples depending on
the activating additive concentration and process
modes are necessary. X-ray diffraction analysis
showed that the CSP of (MnFeCoNiCu),0, powder at
a temperature of 300°C and using an aqueous
medium with the addition of 0.1 wt % of CH,COONH,
and NaOH does not lead to a change in the phase
composition of the initial powder, which indicates
the preservation of the high entropy structure.
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